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Summary  and  Introduction 


This  report  includes  the  findings  of  the  research  performed  under 
the  U.S.  Army  contract  from  August  1976  to  August  1979. 

The  findings  to  August  1978  were  reported  in  two  progress  reports 
and  included  the  following  information. 

Intensity  parameters,  radiative  transition  probabilities  and  non- 
radiative  relaxation  of  Ho3+  in  various  tellurite  glasses  are  described. 
The  results  were  published  in  two  papers  which  are  presented  in  this 
report . 

Eigenstates  of  Tm3+  in  an  intermediate  coupling  scheme  were  obtained 
by  diagonalization  of  electrostatic  matrices  of  E1,  E2  and  E3,  the  con¬ 
figurational  parameters  a  and  the  spin  orbit  matrix.  From  these  l)C*) 
matrices  between  all  electronic  states  of  Tm3+  were  obtained. 

Multiphonon  relaxation  rates  were  calculated  for  all  levels  of  the 
4f12  configurations  of  Tm3+  incorporated  in  phosphate,  borate,  germa- 
nate  and  tellurite  glasses.  The  level  fluorescent  lifetime  was  derived 
from  these  rates  and  from  the  calculated  radiative  transition  probabili¬ 
ties.  Using  the  above  results  four  candidates  for  laser  lines  of  Tm3+ 
in  oxide  glasses  are  proposed.  These  are  3H4  -  3Hs  at  2.3y,  3G4  -  3H5 
at  0. 781y ,  3D2  -  3F3  at  0.760p  and  3D2  -  3F2  at  0.796 y.  The  results  re¬ 
lating  to  the  thulium  ion  in  glasses  are  presented  in  three  papers  below. 

Energy  transfer  was  found  between  antimony  and  dysprosium  in  phos¬ 
phate  glasses.  Efficiency  of  transfer  was  calculated  from  the  measure¬ 
ments  of  fluorescence  intensity  and  lifetimes. 

Energy  transfer  from  8i3+  to  Nd3+  is  reported  in  germanate  glass. 

It  was  found  that  the  excitation  range  and  intensities  of  the  4F3/4  ■+■ 
4Fg/2 ,  4Ii 1/2  emissions  are  increased  several  fold  when  excited  through 
1So  3Pj  absorption  of  Bi3+.  It  is  shown  that  the  energy  transfer  is 
nonradiative.  The  energy  transfer  probability  and  efficiency  were  cal¬ 
culated  from  the  Bi3+  fluorescence  decay  rates  and  intensities.  The 
Bi3+  ->  Nd3+  energy  transfer  may  be  utilized  in  Nd3+  laser  glass. 

For  the  measurements  of  fluorescence  in  the  infrared  part  of  the 
spectrum  an  apparatus  was  assembled. 

Chalcogenide  glasses  of  the  composition  0.7Ga2S3»0.27La2S3*0.03Nd2S3 
doped  by  3  mol%  of  Nd3+  were  prepared.  The  absorption  and  emission 
spectra  of  these  glasses  were  compared  to  those  of  commercial  ED-2  3.1wt% 
Nd-doped  silicate  glass.  The  absorption  intensities  of  Nd3+  in  chalco¬ 
genide  glass  are  higher  than  in  silicate  glass  due  to  the  increasing  co¬ 
valency  of  Nd3+  in  these  glasses.  Because  of  the  low  phonon  frequency 
of  the  chalcogenide  glasses  nonradiative  relaxation  from  the  4Fs/2>  2H9/2 
to  the  4F3/2  are  lower  than  in  other  oxide  glasses  and  thus  fluorescence 
from  this  state  is  observed. 

Based  on  literature  research  the  prediction  of  new  laser  lines  in 
solid  and  vapor  lasers  are  summarized.  These  are  compared  to  the  charac¬ 
teristics  of  lasers  based  on  neodymium  glasses. 

Optical  spectra  of  neodymium  in  gadolinium  molybdate  were  measured 
and  the  optical  spectra  free-ion  wave  functions  and  radiative  transition 
probabilities  computed. 
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The  preparation  and  physical  properties  of  lanthanum-gallium  and 
lanthanum-gallium-sulfide  glasses  are  described.  Optical  properties 
such  as  absorption  spectra,  fluorescence  and  radiative  and  nonradiative 
transitions  of  rare-earth  ions  in  these  glasses  are  presented. 

A  detailed  description  of  the  research  performed  until  August  1978 
may  be  found  in  the  following  references: 

1.  R.  Reisfeld,  J.  Hormadaly  and  A.  Muranevich,  Chem.  Phys.  Lett.  38 
(1976)  188-191. 

2.  J,  Hormadaly  and  R.  Reisfeld,  Chem.  Phys.  Lett.  £5  (1977)  436-440. 

3.  N.  Spector,  R.  Reisfeld  and  L.  Boehm,  Chem.  Phys.  Lett.  4£  (1977) 
49-53. 


4.  R.  Reisfeld,  L.  Boehm  and  N.  Spector,  Chem.  Phys.  Lett.  49  (1977) 
251-254. 

5.  R.  Reisfeld,  L.  Boehm  and  N.  Spector,  The  Rare  Earths  in  Modem 
Science  and  Technology,  Ed.  G.J.  McCarthy  and  J.J,  Rhyne,  Plenum 
(1978)  513-517, 

6.  R.  Reisfeld,  N.  Roth  and  L.  Boehm,  157th  Meeting  of  the  Electro- 
chem.  Soc.,  Pennsylvania,  May  8-13,  1977.  Abstract  No.  145,  77 
(1977)  375-377. 

7.  R.  Reisfeld  and  Y.  Kalisky,  Chem.  Phys.  Lett.  50^  (1977)  199-201. 

8.  R,  Reisfeld  and  A.  Bomstein,  Chem.  Phys.  Lett.  47_  (1977)  194-196. 

9.  R.  Reisfeld,  A.  Bomstein,  J.  Flahaut,  M.  Guittard  and  A.M.  Loireau- 
Lazac'h,  Chem.  Phys.  Lett.  47_  (1977)  408-410. 

10.  R.  Reisfeld  and  A.  Bomstein,  J.  Noncryst.  Solids  27  (1978)  143-145. 

11.  R.  Reisfeld,  The  10th  Convention  of  Electrical  and  Electronics 
Engineers  in  Israel,  IEEE  Papers  (1977)  1-3. 

12.  A.  Bomstein,  J.  Flahaut,  M.  Guittard,  S.  Jaulmes,  A.M.  Loireau- 
Lazac'h,  G.  Lucazeau  and  R.  Reisfeld,  The  Rare  Earths  in  Modem 
Science  and  Technology,  Ed,  G.J.  McCarthy  and  J.J.  Rhyne,  Plenum 
(1978)  599-606. 

13.  N.  Spector,  C.  Guttel  and  R.  Reisfeld,  Optica  Pura  y  Aplicada  10 
(1977)  197-213. 

14.  R.  Reisfeld,  A.  Bomstein,  J.  Bodenheimer  and  J.  Flahaut,  J.  Lumi¬ 
nescence  18/19  (1979)  153-256. 
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The  research  performed  between  August  1978  to  August  1979  is  pre¬ 
sented  in  detail  in  this  report  and  includes  the  following  information: 

Absorption  spectra  of  Ho3  in  germanate  glass  in  the  range  300- 
2500  nm  and  the  Judd-Ofelt  intensity  parameters.  Excitation  and  emis¬ 
sion  spectra  in  the  visible  in  temperature  range  80-573  K,  Radiative 
transition  probabilities  from  the  excited  states  [5F4,  5S2],  sFs,  5l4, 

5I5  and  5Ig,  branching  ratios  and  integrated  emission  cross-sections. 
Relaxation  rates  from  the  CSF4,  5S2)  levies  estimated  to  be  about 
2xl05s_1, 

*3  -f. 

Radiative  transition  probabilities  for  fluorescence  bands  of  Er 
in  the  range  0.523y  to  13y  in  phosphate,  germanate  and  tellurite  glasses. 
Multiphonon  relaxation  rates  in  these  glasses  and  possible  laser  transi¬ 
tions  . 

Intensity  parameters  of  Pr  and  Dy  in  tellurite,  borate  and 
phosphate  glasses  calculated  by  exclusion  of  hypersensitive  transitions. 
Branching  ratios  and  integrated  cross-sections  for  stimulated  emission 
for  3P0 ,  3Pi  and  3D2  excited  states  of  Pr3+  and  4F9/2  of  Dy3+  from  in¬ 
tensity  parameters  and  calculated  matrix  elements.  Potential  laser 
transitions. 

Radiative  transition  probabilities,  oscillator  strengths,  radiative 
lifetimes  and  branching  ratios  of  Nd3+  in  gallium-lanthanum-sulfide  and 
aluminum- lanthanum-sulfide  glasses.  Comparison  of  radiative  character¬ 
istics  of  Nd3+  in  oxide  and  chalcogenide  glasses. 

Nd3+  doped  phosphate,  tellurite,  ED-2  and  germanate  glasses  excited 
by  laser  into  different  parts  of  the  4Ig/2  ■*  k^s/2  inhomogeneous ly 
broadened  band.  Wavelength-dependent  decay  times  in  germanate  glass 
and  slow  diffusion  of  energy  in  germanate  glass  because  of  large  energy 
mismatch  between  different  sites. 

Reduced  matrix  elements  and  eigenvectors  of  the  4f5  electronic  con¬ 
figuration  of  Sm3+.  Absorption  spectra  of  Sm3  in  phosphate,  borate, 
germanate  and  tellurite  glasses.  Deduction  of  intensity  parameters  from 
measured  oscillator  strengths  by  least-squares  fitting.  Radiative  transi¬ 
tion  probabilities,  integrated  cross-sections,  branching  ratios  and  de¬ 
cay  times. 

2+  of 

Energy  transfer  from  U02  to  Sm3  ,  Transfer  efficiency  from  de¬ 
crease  of  donor  luminescence  and  lifetimes  and  from  increase  of  acceptor 
fluorescence.  Higher  efficiency  when  donor  excited  at  higher  energy 
levels.  Condition  for  transfer  overlap  of  excitation  levels  of  donor 
and  acceptor, 

Eu3+  in  zirconium  and  beryllium  fluoride  glasses,  phosphate  glass 
and  pentaphosphate  crystals  for  which  radiation  transition  probabilities 
and  branching  ratios  are  evaluated  for  excited  states  5Dj  (J  =  0,1, 2, 3) 
and  sLg  to  7Fj.  Better  agreement  between  calculated  and  observed  lifetimes 
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and  branching  ratios  than  in  pentaphosphate  crystals  and  fluoride 
glasses  are  obtained. 

Experimental  data  of  multiphonon  relaxation  between  electronic 
levels  of  rare  earth  ions  in  glasses  are  presented.  These  are  based  on 
measurements  of  the  decay  times  or  quantum  efficiencies  of  the  specific 
levels  and  subtracting  the  radiative  transition  probabilities  in  oxide, 
chalcogenide  and  fluoride  glasses.  It  is  shown  that  the  nonradiative 
transfer  in  all  glasses  depends  mainly  on  the  energy  gap  between  the 
emitting  and  next  lower  level  of  the  ion  incorporated  in  the  glass  and 
that  the  high  energy  phonons  of  the  network  formers  are  responsible  for 
the  relaxation  permitting  the  lowest  order  process.  The  phenomenological 
parameters  a,  6  and  £  appearing  in  the  formulae  of  multiphonon  transfer 
are  computed  and  compared  to  these  values  incrystals.  It  is  also  shown 
that  the  Huang-Rhys  number  S  being  a  measure  of  the  electron-phonon 
coupling  strengths  is  smaller  than  0.1  for  the  oxide  glasses  as  predicted 
by  the  theory  of  multiphonon  relaxation.  However  it  achieves  a  large 
value  of  about  2  in  the  chalcogenide  glasses.  The  discrepancy  in  this 
high  value  is  explained  by  the  covalency  of  the  rare  earths  incorporated 
in  the  chalcogenide  glasses  with  the  surrounding  sulfur  ions,  thus  the 
rare  earth  ions  cannot  be  treated  as  isolated  centers  in  these  glasses. 
Experimental  findings  of  phonon-assisted  energy  transfer  between  uranyl 
and  rare  earth  ions  in  phosphate  glasses  are  presented.  It  is  shown 
that  an  experimental  dependence  between  multiphonon  relaxation  rates 
and  the  energy  gap  is  obtained  similar  to  the  multiphonon  relaxation  in 
a  single  ion.  The  coupling  constant  is  higher  in  the  case  of  the  energy 
transfer  due  to  the  stronger  coupling  of  uranyl  to  the  glass, 
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Absorption  spectra  of  Ho3*  in  germanate  glasses  were  measured  in  the  range  300-2500  nm 
and  the  intensity  parameters  were  calculated  by  the  Judd-Ofelt  theory.  Excitation  and  emis¬ 
sion  spectra  were  measured  in  the  visible  at  a  temperature  range  of  80-573  K.  The  radiative 
transition  probabilities  from  the  excited  states  |SF4,  sS}  ] ,  5F5,  5 14 ,  SI5  and  516,  branching 
ratios  and  integrated  emission  cross-sections  were  calculated.  The  non-radiative  relaxation  rate 
from  the  (SF4,  5Sj)  levels  is  estimated  to  be  about  2  X  10s  s~’ . 


I .  Introduction 

Recently  it  was  shown  that  holmium  may  play  a  dominant  role  in  infrared-to- 
visible  conversion  [1],  Coherent  emission  for  holmium  ions  (2.1  jtm)  has  been 
reported  in  numerous  hosts  [2].  Optical  intensities,  radiative  transition  probabilities 
and  non-radiative  relaxation  of  holmium  in  tellurite  glasses  [3],  calibo  and  phos¬ 
phate  glasses  have  been  performed  in  our  laboratory  [4].  Analysis  of  the  optical 
spectra  of  holmium  in  LiYF4  was  performed  by  Karyanis  et  al.  [5].  Analysis  of 
laser  emission  in  several  crystal  lattices  has  been  performed  by  Caird  and  DeShazer 
[6].  Of  the  many  solid-state  hosts  of  rare  earth  ions  the  germanates  appear  to  be  a 
very  promising  material  [7-9],  Therefore  we  have  performed  a  detailed  analysis  of 
the  optical  characteristics  of  holmium  in  the  germanate  host  using  the  approach  of 
the  Judd-Ofelt  theory  for  calculation  of  the  radiative  transition  probabilities  and 
stimulated  cross-sections. 


2.  Theory 

Since  the  theory  and  treatment  of  the  radiative  and  non-radiative  transitions  of 
the  rare  earths  have  been  described  in  detail  in  ref.  [10],  only  a  brief  summary  and 
essential  formulas  are  given  below.  The  free-ion  states  of  an  ion  having  an  f"  elec¬ 
tronic  configuration  are  composed  of  a  linear  combination  of  Russell-Saunders 
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324  R.  Reisfeld  ei  al.  /  A  bsorption  and  emission  of  Ho* 

states: 


l/"( aSL]J)  =  E  Casi  \faSIJ) .  ( 1 ) 

a  SI 

where  the  coupling  coefficients  C  are  obtained  from  diagonalizing  the  combined 
electrostatic,  spin-orbit  and  configuration  interaction  energy  matrices.  (The  brack¬ 
eted  quantities  indicate  that  in  the  labeling  of  states,  5  and  L  are  no  longer  good 
quantum  numbers.) 

Electric  dipole  transitions  are  forbidden  between  states  of  the  same  configura¬ 
tion.  However,  they  become  allowed  if  odd  order  terms  in  the  expansion  of  the 
static  or  dynamic  crystalline  field  potential  admix  states  of  higher,  opposite  parity 
configurations  into/". 

Because  rare  earths  enter  into  the  glass  at  non-centro-symmetric  sites  [11]  (Cs 
symmetry)  electric  dipole  transitions  of  rare  earths  in  glasses  become  possible. 

The  electric  dipole  (ed)  line  strength  in  the  Judd—Ofelt  theory  is  expressed  as 
the  sum  of  three  intensity  parameters  and  reduced  matrix  elements  of  tensor 
operators  l/-x\  The  line  strength  of  the  transition  has  the  form  in  Axe  notation 
[12] 

Sea(aJ\  bf)  =  e2  E  nx</"loSL]i  Kf”[aS'L']  J')2  ■  (2) 

A  even 

The  parameters  f lx  contain  the  odd  terms  in  the  crystal  field  expansion,  the  energy 
separation  of  the  two  opposite-parity  configurations  and  the  interconfigurational 
radial  integrals,  and  include  contributions  from  both  static  and  vibrationally 
induced  electric -dipole  transitions.  From  the  selection  rule  i  AJ|  <  21,  \  in  the  sum¬ 
mation  in  eq.  (2)  is  limited  to  values  of  2, 4,  6  for  lanthanide  (/  =  3)  ions. 

The  energy  levels  of  Ho3*  in  LaF3  up  to  40000  era'1  are  well  established  by  the 
work  of  Caspers  et  al.  [13].  Their  results  were  used  by  Weber  et  al.  [14]  to  derive 
eigenstates  for  intermediate  coupling  and  subsequently  transition  matrix  elements 
between  J  manifold.  It  was  shown  by  Reisfeld  et  al.  [15]  and  by  Riseberg  and 
Weber  [16]  that  the  matrix  elements  for  a  given  rare  earth  ion  are  insensitive  to  the 
host  in  which  the  rare  earth  is  situated,  therefore  the  matrix  elements  obtained  by 
Weber  [14]  were  used  in  this  work. 

For  calculation  of  the  spontaneous  emission  probability  the  relaxation  between 
/led  (spontaneous  emission  probability)  and  the  line  strengths  may  be  used.  This  is 
of  the  form: 

/l(aO./')  =  64ttVx/[3(2/+  \) he3]  S(aJ\  bJ') ,  (3) 

where  v  is  the  frequency,  yed  =  ^[n(n2  +  2)2]  (electric  field  correction)  and  n  is  the 
refractive  index. 

The  oscillator  strength  p  of  a  transition  of  average  frequency  in  terms  of  the  line 
strength  above  is  given  by 

p(aJ\  bJ ')  =  [8n2mv/3(I/  +  1 )  he2]  S(aJ ;  bJ') . 


(4) 
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Experimentally,  p  is  obtained  from  the  absorption  spectrum  by 

p  =  4.3 1  8  X  10  9  fe(a)  do  ,  (5) 

where  e  is  the  molar  extinction  coefficient  and  o  cm"1  is  the  wavenumber  of  the 
absorption  band. 

The  relation  between  A  and  p  is 

&n2c2v2x  8rr  2e2o2\ 


^ ed  3  '  P 

me 


P  = 


E  fwV  ii  i/w  ifNvr '>i2 

mc(2J  +  1)  x  =  2,4,6 


(6) 


where  +  1)  =  7\. 

It  should  be  noted  that  the  intensity  parameters  fix  [eq.  (2)]  and  the  tx  parame¬ 
ters  [eq.  (6)]  are  related  by 

fix=  (3ty8rrWX"J/x)Tx=  9.2185  X  10" 1  V/x)  ?x  • 

The  probabilities  for  magnetic-dipole  transitions  are  small  compared  to  the  elec¬ 
tric  dipole  of  Ho3*  in  glasses,  and  their  contribution  to  the  oscillator  strengths  of 
Ho3*  were  not  included. 

The  branching  ratio 

ft)  =  Ajjl E  Ajj ,  (7) 

which  takes  the  form  in  the  case  of  thermahzation,  is  given  by 


Eg,-  exp(-A Ki/kT)  Ajj 


E  Eg,  exp(  £sEilkT)Aij 
i  i 


(8) 


The  cross-section  for  stimulated  emission  integrated  over  all  Stark  split  compo¬ 
nents  of  the  upper  and  lower  ./-manifolds  is  given  by  (17] 

X2 


f  0(V)Al,  =  ^lAjr' 


/-v 


(9) 


where  v  =  1/X. 

Using  eq.  (6)  this  is  reduced  to 

/ite2 

o(v)dv  = — ifjr,  (10) 

j-r  mc 

which  shows  the  significance  of  the  oscillator  strength  in  laser  analysis.  Without 
detailed  line-shape  information  eq.  (10)  cannot  be  used  to  predict  peak  cross- 
sections,  but  it  is  evident  that  transitions  with  larger  oscillator  strengths  will  gener¬ 
ally  have  larger  peak  cross-sections. 


Himiaafii.  ■;  -i rjuvff wkr-  gjBjigBiiite'tt 


-8- 


326  R,  Reisfeld  el  al  /  Absorption  and  emission  of  Ho* 

3.  Experimental 

The  germanate  glasses  of  composition  17  K20  •  17  BaO  •  66  Ge02  were  studied. 
The  preparation  procedure  and  starting  materials  were  described  earlier  [18].  The 
doping  by  holmium  was  made  by  adding  the  appropriate  amount  of  Ho203  to  the 
glass-forming  base  and  melting  the  mixture  at  1 150°C.  The  optical  absorption  spec¬ 
tra  were  measured  at  room  temperature.  The  absorption  spectra  within  the  spectral 
range  300  -2500  nm  were  obta.ined  with  a  Cary  14  spectrophotometer,  samples  of 
about  2  mm  thickness  containing  1  and  10  wt'7  Ho3*  being  used.  The  absorption  of 
Ho3*  up  to  300  nm  was  not  observable  because  of  the  high  intrinsic  absorption  of 
the  germanate  glasses.  The  emission  and  excitation  spectra  were  recorded  by  an 
apparatus  described  elsewhere  [19],  The  measurements  were  performed  in  liquid 
nitrogen,  room  temperature  up  to  573  K  (at  50  K  intervals).  For  emission  measure¬ 
ments,  samples  of  about  1  mm  thickness  with  holmium  content  between  0.25  and 
5.00  wt%  were  used. 


4.  Results  and  discussion 

Figure  1  shows  the  absorption  spectrum  of  Ho3*  in  germanate  glass  in  the  range 
300-2500  nm.  Table  1  compiles  the  measured  and  calculated  oscillator  strengths  of 
Ho3*  in  germanate  glasses  and  compares  these  results  to  the  previously  obtained 
oscillator  strengths  in  barium  tellurite  glass  [3], 

Table  2  gives  the  calculated  intensity  parameters  from  the  above  oscillator 
strengths.  Intensity  parameters  of  Ho3*  in  other  oxide  glasses  are  also  given  for 
comparison.  It  should  be  noted  that  while  the  Si2  parameters  are  similar  in  the  dif¬ 
ferent  hosts  a  remarkable  difference  is  observed  in  the  fi4  and  f26  parameters. 

Table  3  gives  the  calculated  electrid  dipole  radiative  transition  probabilities  A,,, 
the  branching  ratio  (3,y  and  integrated  cross-sections  for  stimulated  emission  using 
formula"  (3)i  (8)  and  (10)  correspondingly. 

The  refractive  index  taken  was  1.643  (no  wavelength  correction  was  made). 

Figure  2  shows  the  emission  spectrum  from  5F4  and  5S2  levels  at  temperatures 
of  80,  293, 373  473  and  573  K.  The  excitation  spectrum  of  this  emission  (540  nm) 
at  80  K  is  shown  in  fig.  3.  From  fig.  2  it  can  be  seen  that  the  relative  intensity  of 
the  short-wave  band  to  the  long-wave  band  decreases  with  lowering  of  temperature, 
indicating  that  because  of  therinalization  the  contribution  of  5F4  is  smaller  at  80  K. 
Also,  a  shift  to  the  red  is  observed  in  maxima  with  lowering  of  temperature  owing 
to  different  superposition  of  the  bands. 

Figure  4  shows  the  concentration  dependence  of  the  >F4,  sS2  -*  5Ig  emission  of 
Ho3*  in  germanate  glass.  The  concentration  quenching  in  the  germanate  glass  is  less 
pronounced  than  in  the  tellurite  glass  [4],  This  means  that  the  Ho3*  centers  are 
interacting  less  strongly  than  in  the  tellurite  glasses. 

The  mechanism  of  the  quenching  of  the  green  fluorescence  of  Ho3*  arises  from 
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Table  1 

Oscillator  strengths  of  Ho3  +  in  germanate  and  tellurite  glasses. 


Transition 

assignment 

Wave  number 
(cm"1) 

Osillator  strength  x  106 

1 7  K20  ■  17  BaO  66Ge02 

15  BaO 

85  Te02 

f  meas 

/cal 

/meas 

/cal 

S|8-*S|7 

4717-5555 

0.90 

_  - 

2.08 

$I6 

8064-9090 

0.26 

0.38 

1.15 

1.76 

% 

10638-11627 

- 

- 

0.28 

0.32 

su 

- 

_ 

- 

_ 

- 

sf5 

14880-16129 

1.24 

1.50 

4.70 

4.76 

17857-19230 

1.58 

1.56 

6.40 

6.26 

SF3 

20000-21276 

0.51 

0.34 

2.09 

1.91 

3K8} 

21052-21739 

0.47 

0.74 

1.29 

0.84 

1.09 

5g6 

21276-22988 

24.03 

24.03 

35.77 

35.75 

sr5 

23225-25000 

1.36 

0.51 

5.31 

- 

a  4 

3K7  ' 

25064-26666 

0.45 

0.35 

- 

- 

3h6  ) 

3HS 

26666-28238 

5.57 

- 

- 

- 

5G2  J 

3l9 

sg3 

*K6  } 
3«V 

29412-30769 

0.78 

- 

- 

- 

the  following  interaction : 

[5F4-  5 

S2]  +  5I8-5l4  + 

%• 

and  in  order  that  such  quenching  will  occur  the  interacting  centers  must  be  sepa¬ 
rated  by  very  small  differences  or  a  resonance  should  exist  between  the  energy  lev¬ 
els  of  the  two  centers.  From  the  absence  of  strong  quenching  in  the  germanate 

Table  2 

Intensity  parameters  of  Ho3+  in  various  oxide  glasses  (4 ] 

Host  glass 

n2  (10  20  cm2) 

n4(io~20  cm2) 

n6  (io-20 

cm2)  Ref. 

germanate 

6.52  ±  0.47 

1.71  ±  0.86 

0.50  t  0.31 

this  work 

phosphate 

5.60  ±0.28 

2.72  ±  0.41 

1.87  ±  0.26 

calibo 

6.83  ±  0.29 

3.15  ±  0.42 

2.53  ±0.31 

barium  tellurite 

6.08  ±  0.27 

2.61  ±  0.50 

1.94  ±  0.18 

-11- 


R.  Reisfeld  et  at.  /  Absorption  and  emission  of  Ho* 


329 


Table  3 

Radiative  transition  probabilities,  branching  ratios  and  integrated  emission  cross  sections  of 
Ho3*  in  germanate  glasses 


Transition 

assignment 

Energy 

(cm-1) 

-4/y  <s->)  a> 

%b) 

fo(v)  <Sv  (10  18  cm  !)c) 

sF4-  SKS 

3090 

13.68 

0.006 

0.704 

sf4^  s4 

5380 

8.66 

0.004 

0.147 

5F4-sI5 

7440 

62.92 

0.029 

0.559 

sf4  -*si6 

10000 

173.68 

0.082 

0.853 

sf4  -*5i7 

13500 

284.49 

0.134 

0.766 

5i;4  -*  SI8 

18540 

1585.78 

0.745 

2.27 

SS2 -  SFS 

2740 

0.248 

0.0003 

0.016 

5s2  -  sl4 

5030 

14.46 

0.019 

0.117 

SS2-*  5IS 

7090 

12.66 

0.017 

0.124 

Ss2  -  % 

9650 

59.29 

0.078 

0.313 

Ss2  5i7 

13150 

273.70 

0.359 

0.779 

5s2->  SI8 

18190 

401.38 

0.527 

0.596 

sf5  -  SI4 

2300 

0.041 

0.00003 

0.004 

5fs->-  5i5 

4350 

3.79 

0.003 

0.098 

5F5-5I„ 

6910 

46.06 

0.035 

0.474 

5f5-s17 

10410 

262.11 

0.205 

1.220 

sfs->5<8 

15450 

996.38 

0.757 

2.050 

5i4  -*■  5U 

2060 

2.48 

0.076 

0.287 

SI4  ->•  SI6 

4610 

12.62 

0.387 

0.292 

5i4  ~*  5i7 

8110 

14.63 

0.449 

0.109 

s4  SI8 

13160 

2.86 

0.088 

0.008 

5ls~*  % 

2560 

3.86 

0.068 

0.289 

%-*  S«7 

6060 

29.73 

0.523 

0.398 

5|s  "*  st8 

11100 

23.24 

0.409 

0.093 

SI6-*  s,7 

3500 

8.71 

0.118 

0.349 

S'6-*  S'8 

8540 

65.42 

0.882 

0.441 

a)  Calculated  by  eq.  (3). 

b)  Calculated  by  eq.  (8). 

c)  Calculated  by  eq.  (10), 


glasses  we  conclude  that  the  Ho3*  centers  in  the  germanate  are  separated  in  energy, 
as  can  be  seen  from  the  splitting  in  the  spectra. 

The  multiphonon  relaxation  rates  H'nr  between  the  two  adjacent  levels 
[5F4,  5Sj]  -*■  5FS  were  obtained  from  the  formula'.  IVNR(0)  =  B  exp(— otAE)  where 
WN  R(0)  is  the  multiphonon  relaxation  rate  at  low  temperature  and  B  and  a  are 
host-dependent  constants  determined  previously  [20]  and  are  summarized  in 
table  4.  Here,  A E  is  the  energy  difference  in  cm'1  between  the  levels  in  which  the 
multiphonon  relaxation  occurs.  In  the  germanate  glass  the  multiphonon  relaxation 
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Mnm) 


Fig.  2.  Emission  intensities  of  5F4,  5S2  ->5Ig  transitions  under  excitation  at  450  nm  (5Ig  -+ 
sG6)  as  a  function  of  temperature. 


Fig.  3.  Excitation  spectrum  of  the  5  F4 , 5  Sj  -*• s  Ig  emission  at  room  temperature. 


Fig.  4.  Concentration  dependence  of  Ho}*  in  17  KjO  •  17  BaO  •  66  GeOj  glass. 
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Table  4 

Multiphonon  parameters  in  oxide  glasses  [20] 


8 

a 

borate  glass 

2.9  x  1012 

0.0038 

phosphate  glass 

5.4  x  1012 

0.00466 

germanate  glass 

3.4  x  10" 

0.00485 

tellurite  glass 

6.3  x  1010 

0.0047 

YAIO3  crystal 

6.43  x  to9 

0.00469 

rate  is  2  X  10s  s'1.  The  temperature  dependence  of  the  transfer  rate  can  be  evalu¬ 
ated  from  fig.  2,  and  the  results  confirm  those  of  refs.  [21]  and  [22]. 

The  high  multiphonon  relaxation  rate  permits  a  strong  population  of  the  sl7 
level  from  the  higher  excited  electronic  levels,  and  thus  a  germanate  glass  may  have 
promising  value  as  a  material  for  a  laser  at  2.1  /am. 


Acknowledgement 

This  research  was  partially  supported  by  US  Army  Contract  No.  DAERO-77- 
G-066. 


References 

( 1 1  J.F.  Pouradier  and  F.  Auzel.J.  Phys.  37  (1976)421. 

[2j  R.G.  Stafford,  H.  Masui,  R.L.  Farrow,  R.K.  Chang  and  L.G.  Van  Uitert,  J.  Appl.  Phys.  47 
(1976)  2483. 

[3]  R.  Reisfeld,  J.  Hormadaly  and  A.  Muranevich,  Chem.  Phys.  Letters  38  (1976)  188. 

[4|  R.  Reisfeld  and  J.  Hormadaly,  J.  Chem.  Phys.  64  (1976)  3207. 

[5]  N.  Karyanis,  D.E.  Wortman  and  H.P.  Jenssen,  J.  Phys.  Chem.  Solids  37  (1976)  675. 

(6|  J.A.  Caird  and  L.G.  DeShazer,  IEEE  J.  Quantum  Electron.  QE-11  (1975)  97. 

[7]  H.G.  Lipson,  J.R.  Buckmelter  and  C.O.  Dugger,  J.  Non-Crystalline  Solids  17  (1975)  27. 

[8]  R.  Reisfeld  and  Y.  Eckstein,  Solid  State  Commun.  13  (1973)  265. 

(9 1  R.  Reisfeld  and  Y.  Eckstein,!.  Non-Crystalline  Solids  15  (1974)  125. 

[10]  R.  Reisfeld,  Structure  and  Bonding  22  (1975)  123. 

[11]  R.  Reisfeld,  Structure  and  Bonding  13  (1973)  53. 

{12]  J.D.  Axe,  Jr.,  J.  Chem.  Phys.  39  (1963)  1154. 

[13]  H.H.  Caspers,  H  E.  Rast  and  J.L.  Fry,  J.  Chem.  Phys.  53  (1970)  3208. 

( 14 1  M.J.  Weber,  B.H.  Matsinger,  V.L.  Donlan  and  G.T.  Surratt,  J.  Chem.  Phys.  57  (1972)  562. 
{15]  R.  Reisfeld,  L.  Boehm,  N.  Liebhch  and  B.  Barnett,  Proc.  10th  Rare  Earth  Res.  Cottf.  2 
(1973)  1 142  (US  Atomic  Energy  Commission  Tech.  Inf.  Center). 

[16]  L.A.  Riseberg  and  M.J.  Weber,  Relaxation  phenomena  in  rare  earth  luminescence,  in:  Pro¬ 
gress  in  Optics,  Vol.  XIV,  ed.  E.  Wolf  (North-Holland,  Amsterdam,  1975). 

[17]  W.F.  Krupke,  IEEE  J.  Quantum  Electron.  QE-10  (1974)  450. 


332 


R.  Reisfeld  et  al.  /  Absorption  and  emission  of  Ho* 


[18]  R.  Reisfeld  and  Y.  Eckstein,  J.  Non-Crystalline  Solids  12  (1973)  357, 

1 19)  R.  Reisfeld  and  Y.  Eckstein,  J.  Solid  State  Chem.  5  (1972)  174, 

1  01  ?Q77e£fe,d™  B°ehDm  andk,N-  Spector-  in:  13th  R"e  Earth  Res.  Conf.,  W,  Virginia  Oct. 
1977  Proc.  (Plenum  Press,  New  York,  1978).  * 

[21  j  J.  Hormadaly  and  R.  Reisfeld,  Chem.  Phys.  Letters 45  (1977)  436 
(221  C.B.  Layne,  W.H.  Lowdermilk  and  M.J.  Weber,  Phys.  Rev.  B16  (1977)  10. 


-15- 


CALCULATED  RADIATIVE  AND  NONRADIATIVE  TRANSITION  PROBABILITIES  AND 
STIMULATED  CROSS-SECTIONS  OF  SELECTED  Er3+  LINES  IN  OXIDE  GLASSES* 

R.  Reisfeld,  L.  Boehm,  E,  Greenberg  and  N.  Spector** 

Department  of  Inorganic  and  Analytical  Chemistry 
The  Hebrew  University  of  Jerusalem,  Israel 
**Soreq  Research  Center,  Yavne,  Israel 


ABSTRACT 

Radiative  transition  probabilities  for  fluorescence  bands  ex¬ 
tending  from  0.523^1  to  13v  of  Er’+  in  phosphate,  germanate  and  tell¬ 
urite  glasses  were  calculated  using  the  Judd-Ofelt  approach.  Multi¬ 
phonon  relaxation  rates  from  these  levels  were  also  calculated  using 
the  phenomenological  parameters  of  multiphonon  relaxation  theory  in 
glasses.  Possible  laser  transitions  of  Er^+  in  those  glasses  are 
discussed. 

Stimulated  emission  of  several  infrared  lines  of  erbium  above 
ly  has  been  obtained  in  a  variety  of  solid  hosts.  See  Weber  (1)  et 
al.  and  references  therein.  In  addition  to  these  transitions,  stim¬ 
ulated  emission  arising  from  the  4s3/2“4*13/2  at  0.85y  was  observed 
in  YLF  by  Chicklis  et  al.  (2). 

Erbium  can  also  be  used  as  a  donor  in  energy  transfer  to  Ho 
and  Tm  in  activating  fluorescence  of  these  ions  (3) . 

In  order  to  predict  the  possible  laser  lines  in  Er  doped 
glasses,  we  have  performed  the  calculation  of  the  relevant  spectro¬ 
scopic  properties  using  the  Judd-Ofelt  parameters  obtained  by  us 
previously  (4,5).  All  the  relevant  formulae  for  the  calculation  of 
radiative  transition  probabilities  by  the  Judd-Ofelt  method  can  be 
found  in  the  preceding  paper  (6)  in  this  volume,  and  a  detailed  de¬ 
scription  of  the  method  in  ref.  7.  In  the  specific  case  of  the  two 
levels  of  erbium  03/2*  2Hji/2  which  are  separated  in  the  glasses  by 
an  energy  gap  of  approximately  700  cm-*  the  effect  of  thermal ization 


•Partially  supported  by  U.S.  Army  Contract  No.  DAER0-76-G-066 


-16- 


at  room  temperature  must  be  taken  into  account.  In  this  case  effec¬ 
tive  radiative  transition  probabilities  A  and  lifetimes  t  _ _  are 
obtained  by 


Zg.A^  exp-CErE.)/kT 
R  ij  J 

Aijeff  "  Egiexp-CE1-Ei)/kT 
ij 

i  _  2h  4c 

1  -  nn/2, 


j  =  terminal  level 


~ —  =  EAR.  +  EWNR 
Teff  ij1Jeff  ij1J 


The  formula  for  nonradiative  transfer  is  given  in  ref.  8. 

In  Table  I  we  present  the  oscillator  strengths,  transition  prob¬ 
abilities  A,  branching  ratios  8  and  effective  life  time  xeff  for 
transitions  which  have  been  shown  to  lase  in  crystals  and  in  three 
oxide  glasses:  phosphate,  tellurite,  and  germanate.  (The  composi¬ 
tion  of  the  glasses  was  described  in  ref.  5) .  The  calculated  values 
are  compared  to  those  of  CaF2,  YAfcOj  and  YAG. 

As  can  be  seen  from  the  Table,  the  radiative  transition  prob¬ 
abilities  in  the  glasses,  in  particular  the  tellurite  glass,  compare 
well  with  those  of  CaF2  and  YA£03.  Also,  the  branching  ratios  are 
quite  favourable  in  the  glasses.  Therefore,  those  glasses  can  be 
considered  as  good  materials  for  erbium  lasers. 
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Table  I. 


Spectral  characteristics  for  the  observed  laser  line  of  Er3+  in  various 
matrices . 


2  4  4 

Transition  S$/2  Ill/2  at 


YAtO 

0.38 

51.2 

0.007 

0.14x10":? 

CaF2^ 

0.31 

51.2 

0.007 

0.14xl0'3 

Phosphate 

0.33 

37 

0.017 

0.20x10"'* 

0.30 

glass 

32* 

0.021 

_  *7 

Germanate 

0.16 

25 

0.216 

0.6x10 

0.17 

glass 

19* 

A 

Tellurite 

0.45 

107 

0.017 

0.68x10" 

0.42 

glass 

95* 

0.021 

2 

3.  Transition  H 

4S 

11/2'  a3/2 

4t 

1 13/  2 

at  0 . 85p , 

CaF2 

1.61 

557 

0.078 

0.14x10":? 

Phosphate 

2.13 

421 

0.20 

0.20xl0“3 

1.70 

glass 

440* 

0.283* 

Germanate 

0.991 

248 

0.149 

0.60x10“ 

0.82 

glass 

251* 

0.281* 

A 

Tellurite 

3.01 

1252 

0.199 

0.68x10 

2.40 

glass 

1310* 

0.284* 

4  4 

4.  Transition  I ^\f2  at  2.75p. 


YAM), 

1.29 

41.0 

0.22 

1.63x10':? 

YAG 

1.29 

41.0 

0.067 

1.63xl0'3 

Phosphate 

glass 

1.35 

26.0 

0.147 

5.02x10° 

•A 

1.19 

Germanate 

glass 

0.98 

23.3 

0.163 

1.57x10 

-A 

- - 

Tellurite 

glass 

1.86 

76  0 

0.144 

3.16x10 

0.16 

pulse  laser  at  77°K 


operating  at  77° K 


room  ten^erature 
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Matrix 

fxlO6 

A 

-1 

s 

8 

t.  eff 

l 

sec 

fa  (v)dv 
xl0~ 18 

Comments 

4 

5.  Transition  I 

iMO.  2.04 

4 

13/2  ^  15/2 

211.0 

at  1 

1.00 

,54p. 

4.75x10'^ 

YAC  J 

2.04 

211.0 

1.00 

4.75x10 

pulse  laser,  room 
temperature 

Phosphate 

glass 

2.19 

134.0 

1.0 

7.42x10  ° 

1.93 

Germanate 

glass 

1.46 

119.0 

1.0 

9.1x10  ° 

_  X 

1.19 

lellurite 

glass 

3.05 

396 

1.0 

2.53x10 

2.71 

2  -1  4 

*The  position  of  the  ^\\/2  is  713  cm  above  the  s^/2  levei* 

The  value  of  thermalization  was  calculated  using  this  energy  gap. 


o 


n 


Phosphate 
10.27,  2.52,  1.08 
1.48 


Germanate 
8.49,  0.63,  0.64 
1.64 


Tellurite 
7.49,  1.26,  1.22 
2.15 


I 
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Intensity  parameters  (ti\)  of  Pr3*  and  Dy3*  have  been  obtained  in  tellurite,  borate  and 
phosphate  glasses.  It  has  been  found  that  Sl\  calculated  by  exclusion  of  hypersensitive  transi¬ 
tions,  gives  a  better  fit  between  measured  and  calculated  lifetimes  and  branching1  ratios  than 
those  including  hypersensitive  transitions.  Using  these  parameters  and  calculated  matrix  ele¬ 
ments  f/O),  radiative  transition  probabilities,  branching  ratios  and  integrated  cross  sections  for 
stimulated  emission  were  calculated  for  3Po.  3P|  and  *D2  excited  states  of  Pr3*  and  4Fw2 
excited  state  of  Dy3*.  Potential  laser  transitions  are  indicated. 


1.  Introduction 

It  has  been  shown  [1]  earlier  that  the  desirable  conditions  for  good  laser  mate¬ 
rials  are  large  stimulated  cross  section,  high  quantum  efficiency  and  branching 
ratios  of  the  emitting  level.  Also  in  order  to  retain  the  population  inversion,  a  fast 
depopulation  of  the  terminal  laser  level  is  required.  Prediction  of  these  transitions  is 
possible  by  use  of  the  Judd-Ofelt  [2,3]  approaches  was  shown  [4]  in  the  case  of 
Tm3*.  In  the  present  paper  we  show  that  the  Judd-Ofelt  approach  should  be 
restricted  to  non-hypersensitive  transitions  in  the  case  of  Pr3*  and  Dy3*  doped 
oxide  glasses. 


2.  Theory 


Oscillator  strengths  were  calculated  from  the  absorption  spectra  via  the  relation¬ 
ship: 


/m«  =  4.318  X10'9  fe(F)dP\ 

J  band 


*  Partially  supported  by  U.S.  Army  Contract  no.  DAERO  76-G-066. 
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where  e(v)  is  the  decadic  molar  extinction  coefficient  at  wavenumber  rfcm  '). 
According  to  the  Judd-Ofelt  model  the  oscillator  strength  is  given  by  [5] : 

&n2mc  j(rt 2  +  2) 


3h(2J 


^  1  2  ~)  £  axl<4/T'iS,Li/lltl<x)ll4/M[S',L']  J>P 

^  1)  A  \  9 n  /  \=2,4,6 


(2) 

where  n  is  the  index  of  refraction,  X  is  the  mean  wavelength  of  the  transition, 
intensity  parameters,  ( II)  doubly  reduced  matrix  elements  of  tensor  operator, 
./  and/'  refer  to  the  degeneracies  of  the  initial  and  final  levels  respectively. 

The  electric  dipole  spontaneous  emission  probability  is  given  by: 

8n2e2rt2 
mc\ 


Ajj'  ~  XfjJ'  ■ 


(3) 


The  branching  ratio  is  given  by: 

A/  =  A  ///  23  A  ij 


(4) 


where  i  is  the  emitting  level  and  /  stands  for  all  the  underlying  levels. 

Laser  analysis  of  rare  earth  materials  makes  use  of  the  following  equation  [S  ,6] : 


f/m* 


(5) 


where  the  left  hand  side  of  (5)  represents  the  integrated  cross  section  for  stimulated 
emission. 

Another  useful  relation  is  obtained  by  combining  eqs.  (3)  and  (5): 


f  o(v)  dv  =  {■ne2lmc2)fJJ'  . 
j-'j' 


(6) 


The  last  equation  shows  the  connection  between  the  oscillator  strength  and  the 
integrated  cross  section  for  stimulated  emission.  In  practice  it  is  found  that  laser 
lines  have  <j(V0)  of  the  order  10'19  cm2  or  greater  (integrated  cross  sections  of 
order  10"1®  cm).  a(v 0)  can  be  approximated  by  dividing  the  left  hand  side  of  eq. 
(6)  by  the  halfwidth  of  the  emission  band 


3.  Experimental  details  and  fitting  procedure 

The  glasses  studied  were  binary  tellurite  borate  and  phosphate  glasses  of  tire  fol¬ 
lowing  compositions:  20  Na20  ■  80  Te02,  15  BaO  •  85  Te02,  35  ZnO  ■  65  TeOj, 
X20  ■  2  B,03  where  X  =  U,  Na,  K.  and  Na,0  •  P20$. 
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The  details  of  tellurite  and  phosphate  glass  preparations  and  the  techniques  of 
optical  measurements  have  been  described  elsewhere  [  7,8]. 

Btnar>  butate  glasses  were  prepared  by  melting  the  following  salts  Na;B407  ■ 
10  ll20,  K2B407  5  H;0  and  Li2B40'  respectively . 

In  the  present  study  no  correction  was  made  lot  the  dispersion  of  the  index  of 
refraction.  The  indices  of  refraction  used  for  tellurite  glasses  were:  2.15,  2.10  and 
2.026  for  sodium  [*>],  barium  [9]  and  zinc  [10]  respectively.  For  borate  and  phos¬ 
phate  glasses  the  value  1.51  [11]  was  used. 

intensity  parameters  were  obtained  by  least  squares  analysis,  the  were  those 
giving  the  best  fit  between  the  measured  [eq.  ( 1 )]  and  calculated  [eq.  (2)]  oscillator 
strengths.  The  leduced  matrix  elements  used  were  those  calculated  by  Weber  [12] 
for  Pr3*  in  LaF3.  Matrix  elements  for  Dy ’*  were  kindly  supplied  by  Dr.  J.  Caird 

[13] ,  A  calculation  of  reduced  matrix  elements  of  Pr3*  in  20  Na;0  ■  80  Te02  glass 

[14]  showed  that  they  differ  slightly  from  data  of  ref.  [12]  however,  the  difference 
is  less  than  \c,r.  much  smaller  than  the  experimental  error  in  the  determination  of 
oscillator  strengths. 


4.  Results 

Intensity  parameters  of  Pr3*  in  tellurite  glasses  were  calculated  by  three  fits: 

(a)  Nine  transitions  were  used  in  the  fitting  procedure,  the  transitions  included 
were  3H»  -  X,  3F2, 3F3,3F4,  'G4,  'D2, 3P0,  3P,  -  'l6  and  3H4  -  3P2. 

(b)  Eight  transitions,  by  excluding  the  hypersensitive  transition  3H„  -*  3P2  from 
the  data  of  fit  (a). 

(c)  Seven  transitions,  where  the  transitions  3H4  -»  3H6,  3P2  were  excluded  from 
the  data  of  fit  (a). 

The  only  reason  for  excluding  3FI4  ->•  3H6  transition  in  the  fitting  procedure  was 
the  uncertainty  in  the  measured  oscillator  strength  due  to  the  overlap  with  the 
strong  bond  3H4  -»  3F2. 

Measured  and  calculated  oscillator  strengths,  the  resulting  intensity  parameters 
and  RMS  deviations  obtained  by  the  three  fits  are  collected  in  table  1. 

A  similar  treatment  has  been  carried  out  to  calculate  the  intensity  parameters  of 
Dy3*  in  tellurite  glasses.  In  this  case  intensity  parameters  were  obtained  by  two  fits: 

(a)  Seven  transitions  were  used;  the  transitions  were:  6H15/,  -*•  6Hn/J>*(FII/2  + 

+H7/j),‘(F7/j  +  Hm),%„‘Fm  and  sHIS/2 

(b)  Six  transitions  were  included,  where  the  hypersensitive  transitions  6H,s/3  -* 
6(Fu,2  +  H9;j)  was  excluded  from  the  data  of  fit  (a).  The  hypersensitive  transitions 
as  first  predicted  by  Jorgensen  are  dependent  on  the  surrounding  ligands  and  can¬ 
not  be  fitted  straightforwardly  to  the  Judd-Ofelt  treatment  [15]. 

Measured  and  calculated  oscillator  strengths,  intensity  parameters  and  RMS 
deviations  for  Dy3*  are  presented  in  table  2. 

Comparisons  between  measured  and  calculated  lifetimes  and  branching  ratios  as 
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Table  1 

Measured  and  calculated  oscillator  strengths  and  intensity  parameters  of  Pr1  *  in  tellurite  glasses 


Transition  (.lass 


35  ZnO 

65  Te02 

20  Na2i 

O  80  TeO: 

/X  106 

/x  106 

J  nu*as 

/?al  a)  . 

/  cal 

fca\ 

Aneas 

/cal 

/cal 

/cal 

3h4 

-+3h6 

1.56 

1.65 

1.12 

_ 

2.06 

1.56 

1.08 

_ 

3r'j 

6.15 

5.56 

6.24 

6.25 

6.36 

5.79 

6  45 

6.46 

11.36 

14.00 

10.57 

10.53 

11.06 

13.45 

10.20 

10.12 

3  f  4 

3.92 

8.17 

5.41 

5.38 

3.41 

7.74 

5.13 

5.06 

‘g4 

0.35 

0.33 

0.25 

0.25 

0.51 

0.32 

0.24 

0.24 

'd2 

3.13 

2.30 

1.65 

1.64 

3.28 

2.20 

1.58 

1.56 

3Po 

5.66 

6.12 

6.36 

6.36 

5.98 

6.10 

6.32 

6.33 

3  P  j  +  1 

lF6  9.16 

8.93 

8.95 

8.95 

8.75 

8.86 

8.88 

8.89 

)  D 

3p2 

16.43 

8.12 

- 

- 

15.60 

7.72 

- 

- 

r  1 

RMS  (10-6) 

4.00 

1.07 

1.19 

1.24 

1.30 

nx(10~2°cm 

2>  /?a. 

/cal 

/cal 

35  ZnO 

65  Te02  1.46  t  6.42 

2.57  t 

1.81 

2. 

59  i  1.97 

n 

6.96  t  2.73 

7.26  t 

0.76 

7. 

26  t  0.84 

«6 

8.29  t  2.13 

5.49  i 

0.81 

5 

45  i  0.90 

n2 

20  Na2C> 

-  80  Tc02  0.86  i  6.07 

2.73  t 

1.90 

2. 

83  ±1.86 

6.36  t  2.58 

6.56  t 

0.81 

6. 

50  ±  0.77 

8.01  ±  2.42 

4.68  t 

0.95 

4. 

60  t  0.83 

“I  Refers  to  the  oscillator  strengths  calculated  by  fits  a,  b  and  c,  respectively;  the  corresponding 
intensity  parameters  are  given  in  the  lower  part  of  the  table. 


obtained  by  the  different  sets  of  intensity  parameters  are  presented  in  tables  3  and 
4  for  Pr3+  and  Dy3+  respectively. 

Comparison  between  measured  and  calculated  lifetimes  for  Pr3+  has  not  been 
made,  since  the  probe  level  (3P0)  has  significant  nonradiative  losses  which  preclude 
such  comparison. 


5.  Discussion 

From  table  1  it  is  seen  that  by  excluding  the  hypersensitive  transtion  3Ha  -+  3P} 
from  the  fitted  transitions,  the  intensity  of  the  remaining  bands  is  well  accounted 
for  by  the  Judd-Ofelt  model. 

The  situation  is  more  complicated  for  Dy3'1  (table  2);  it  is  difficult  to  choose  the 


Table  2 

Measured  and  calculated  oscillator  strengths  and  intensity  parameters  of  Dy1*  in  tellurite  and  phosphate  glasses 
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Tab'c  3 

Comparison  o'  measured  and  calculated  decay  times  and  branching  ratios  of  0.5  wt.cf  Dy3* 
in  35  ZnO  65  TeO:  glass 


Transition 

a) 

70  <A*S> 

Fxpcri- 

rmeas  (MS) 

a1" 

b 

a 

men  tal 

b  branching 

ratios 

4I  -*6His/2 

0.249 
!  0.026 

0.387 
t  0  089 

0.488 

■*‘"13/2 
~*6H|  1/2 

1 

0.241 
i  0  .017 

1 

0.190 
±  0.093 

261  £  12 

371.4  *  60  1 

0.146 

365  ±  sn 

a*  Branching  ratios  normalized  to  strongest  transition. 

^Columns  a  and  b  refer  to  branching  ratios  calculated  by  intensity  parameters  of  table  2. 


best  set  of  intensity  parameters,  as  the  fit  between  measured  and  calculated  oscilla¬ 
tor  strengths  is  very  good  in  both  fits  (a  and  b,  table  2). 

In  order  to  select  the  best  set  of  intensity  parameters  we  have  compared  the  cal¬ 
culated  lifetimes  and  branching  ratios  with  the  experimental  values.  The  results  are 
presented  in  tables  3  and  4. 

The  practical  conclusion  from  the  inspection  of  these  tables  is  that  the  intensity 
parameters  obtained  by  the  exclusion  of  hypersensitive  transitions  predicted  cor¬ 
rectly  the  experimental  lifetime  and  branching  ratios. 

From  this  we  conclude  that  in  the  case  of  Pr3*  and  Dy3*  in  tellurite  glasses  hy¬ 
persensitive  transitions  are  not  accounted  for  by  the  Judd-Ofelt  model. 

This  conclusion  is  of  practical  value  in  predicting  the  laser  characteristics  of  Pr3* 
and  Dy3*  in  oxide  glasses. 


Table  4 

Comparison  of  measured  and  calculated  branching  ratios  of  0.25  wt.%  Pr3*  in  20  Na20  ■  80 
TcOj  glass 


Transition 

aa)0„ 

b 

c 

Experimental  branching 
ratios 

1 

1 

1 

1 

-3h6 

0.253 

0.143 

0.142 

b) 

-»3|j 

0.098 

0.302 

0.305 

0.33 

“1  a,  b  and  c  refer  to  the  branching  ratios  calculated  by  intensity  parameters  of  table  1 . 

•'I  This  value  lias  not  been  measured  because  strong  overlap  with  other  bands  excludes  meaning¬ 
ful  value. 
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6.  Laser  analysis  of  Pr3*  and  Dy3*  and  doped  oxide  glasses 

The  intensity  parameters  used  for  laser  analysis  were  those  obtained  by  the 
exclusion  of  hypersensitive  transitions  (table  5).  Predicted  transition  probabilities, 
branching  ratios  and  integrated  cross  sections  (of  electric  dipole  emission)  for  Pr3* 
in  tellurite  and  borate  glasses,  are  presented  in  tables  6  and  7.  Corresponding  predic¬ 
tions  for  Dy3*  in  tellurite  and  phosphate  glasses  are  collected  in  table  8. 

Figure  1  presents  the  emission  spectrum  of  Pr3*  in  sodium  tellurite  glass;  similar 
emission  curves  are  obtained  in  the  other  tellurite  glasses  presented  in  this  work. 
The  integrated  cross  sections  of  the  stimulated  emissions  from  the  3P,  -*  3F2 
(0.647  ju)  are  318  cm'1  and  155  cm'1  respectively.  Hence  the  peak  cross  sections 
for  these  transitions  are  estimated  as  1.2  X  10'19  and  1.6  X  10'19  cm2.  The  peak 
cross  section  for  Nd3*  laser  in  YAG  [16]  is  9  X  10'19  cm2  and  in  ED-2  glass  [17]  is 
2.71  X  10'2°  cm2,  thereforethe  transitions  at  0.486  p  and  0.647  p  look  promising  as 
laser  transitions. 

These  transitions  are  characterized  by  large  integrated  cross  sections  for  stimu¬ 
lated  emission  and  reasonable  branching  ratios.  The  radiative  lifetime  of  the  3P0 
state,  8  jus  is  rather  short  however  laser  operation  was  found  [18,19]  for  Pr3* 
excited  states  with  lifetimes  shorter  than  1  ps. 

It  should  be  noted  that  the  terminal  level  for  3P0  -*•  3H„  transition  is  the  ground- 
state,  therefore  only  at  low  temperatures  the  upper  Stark  components  are  unoccu¬ 
pied  and  population  inversion  may  be  expected. 

The  terminal  levels  3H6,  3F2  and  3F4  have  short  lifetimes  due  to  fast  multipho¬ 
non  relaxation  rates  which  are  1.76  X  106  s'1,  3.70  X  109  s'1  and  6.26  X  109  s"’ 
respectively  . 

The  multiphonon  relaxation  rates  were  calculated  using  the  formulae:  IFNR(0)  = 
Be  _“A£,  where  WNR(0)  is  the  multiphonon  relaxation  rate  at  low  temperature  and 


Table  5 

Intensity  parameters  of  Pr3*  and  Dy3*  in  oxide  glasses 


Ion 

n2(IO-20  cm2) 

n„(IO'20  cm2) 

n6(io-20  cm2) 

Glass 

Pr3* 

2.59  ±  1.97 

7.26  i  0.84 

5.45  ±  0.90 

35  ZnO  65  TeOj 

Pr?* 

4.95  t  2.40 

6.46  t  1.09 

5.44  ±  1.09 

15  BaO  85  Te02 

Pr3* 

2.83  ±  1.86 

6.50  t  0.79 

4.60  ±  0.83 

20  Na20  80  TeO} 

Pr5* 

2.14  t  0.94 

2.91  ±  0.41 

1.67  i  0.43 

K20  2  B203 

Pr3* 

0.77  ±  1,45 

4.13  ±  0.62 

3.07  i  0.65 

NijO  *  2  B2O3 

Pr3* 

0.77  t  1.35 

3.84  i  0.58 

3.58  ±  0.61 

LijO  *  2  B2O3 

Dy3* 

4.28  ±  1.36 

1.32  *  0.14 

2.53  ±  0.07 

35  ZnO  •  65  Te02 

Dy3* 

3.20  ±  0.86 

1.35  ±0.09 

2.47  ±  0.04 

15  BaO  85  Te02 

Dy3* 

3.70  t  1.35 

1.15  ±0.14 

2.22  ±  0.07 

20  Na20  ■  80  TeOj 

Dy3* 

1.46  ±  1.99 

1.16  ±0.21 

1.97  ±  0.10 

Na20  '  P2Os 

Table  6 

Radiative  transition  probabilities,  branching  ratios  and  integrated  cross-sections  for  stimulated  emission  of  the  3Plt  3P0  and  ’  1)2  excited  states  of 

Pr*3  in  tellurite  glasses 
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Fig.  I.  Corrected  emission  spectrum  of  0.2S  wt70  Pr*  in  20  Na20  •  80  Te02  at  room  tempera¬ 
ture. 


B  and  a  are  the  host -dependent  constants  which  were  determined  previously  [20], 
for  tellurite  glasses  [20]  B  =  6.3  X  1010  and  a  =  0.0047. 

By  the  same  line  of  reasoning  other  potential  laser  transitions  are:  3P,  -*■  3H4 
(0.478  n),  3Hs  (0.531  p),  3F3  (0.684  p)  and  3P,  -  3F4  (0.708  ft)  for  3P,  excited 
state  and  'D2->3H4  (0.602  ft),  3H6  (0.834  ft),  3F2  (0.856  ft)  and  'D2  -*•  3F4 
(1.019  ft). 

Because  of  the  high  multiphonon  relaxation  rate  (for  3P0  — *  1 D2  transition)  in 
borate  and  phosphate  glasses  [21],  only  the  'D2  state  is  expected  to  show  laser 
operation. 

The  'D2  state  in  borate  and  phosphate  glasses  is  populated  [21]  by  fast  non- 
radiative  decay  from  the  higher  lying  3P0,  3P|,  'l6,  and  3P2  states.  An  additional 
advantage  of  borate  and  phosphate  glasses  may  be  the  possibility  of  increasing  pop¬ 
ulation  by  energy  transfer  to  3P0  |  2  and  'I6  states.  Such  energy  transfer  between 
donor  U02*  ion  to  Pr3*  was  recently  demonstrated  to  take  place  [22]. 
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UADIATIVE  TRANSITION  PROBABILITIES  AND  STIMULATED  CROSS-SECTIONS  OF 
Nd3+  in  3Ca2S3*La2S3(GI^)  AND  3Afc2S3‘La2S3 (ALS)  GLASSES* 


R.  Rcisfel^l**,  A.  Bornstein**,  J.  Flahaut***  and  A.M. 
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ABSTRACT 

Radiative  transition  probabilities,  oscillator  strengths, 
radiative  lifetimes  and  blanching  ratios  of  Nd3+  in  GLS  and  AIS 
glasses  were  ealcul  itcd  for  levels  ranging  between  160cm-1  -  IS  000 
cm’1.  I  he  matrix  elements  for  the  transitions  were  calculated  in 
the  intermediate  coupling  scheme  using  the  measured  energies  in  the 
glasses.  The  intensity  parameters  were  obtained  from  these  matrix 
elements  and  experimentally  obtained  oscillator  strengths.  The 
cross  sections  of  the  ''>'■}/ z,  WIn/2  anJ  4F3/2-*4Ii3/2  were 
calculated  and  compared  to  the  equivalent  quantities  in  oxide  glass 
The  similarity  and  difference  in  the  radiative  characteristics  of 
Nd3+  between  oxide  and  ehulcogcnide  glasses  will  be  discussed. 


The  importance  of  chalcogenide  glasses  doped  by  Nd3*  (1), 
lloJ+  (.2)  and  i:r3+  (3)  has  been  emphasized.  The  qualitative  behav¬ 
iour  of  these  glasses  has  been  described  recently  (4,5). 

In  the  present  work  we  have  calculated  the  relevant  optical 
properties  of  the  ALS  and  GLS  glasses  and  compared  them  with  simi¬ 
lar  properties  in  oxide  (6)  and  fluorophosphate  glasses  (7). 

The  spectroscopic  properties  were  calculated  by  the  use  of 
the  Judd-Ofeit  theory  (8,9)  as  described  in  ref.  10. 


‘Partially  supported  by  U.S.  Army  Contract  No.  DAER0-76-G-066 
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The  formulae  used  for  the  calculations  are: 


Line  strength  of  electronic  transitions 

Sed(nJ;bJ')  =  e2inxt<fN[YSL]j! |l/X) | |  fN[y ' S ' L ' ]j ' > | 2  (1) 

\  =  2,4,6 

Line  strength  of  magnetic  transitions 

smj(aJ ;bJ ' )  =  (e2h2/4m2c2)  |  <fN[ySL]J  |  |L+2S|  |  f^y 'S '  L' ]j ’>  | 2  (2) 

For  the  calculation  of  the  spontaneous  transition  probability 

A(aJ ;bJ 1 )  =  [64TI4v3e2/3hc3 (2J+1) ]  x  [l/9n  (n2  +  2) 2S  .  +  n3S  J  (3) 

ed  md 

n  =  refractive  index,  for  ALS  =  2.15,  for  GLS  =  2.5 
The  branching  ratio 

^  =  EAiJ  ^4) 

Experimentally  the  oscillator  strength  is  obtained  from  the 
absorption  spectrum  by  f  =  4 . 318xl0"^/e (v) d 


Intensity  parameters  fl 


f  (aJ ;bJ ' ) 


8II2mca  (n2+2) 
3h(2J+l)  9n 


x 

2 


are  obtained  from 

| <f^[S , L]J | |U(X) | |  f^  (S '  L '  )  J '  > 


(5) 


In  the  least  square  fitting  of  the  intensity  parameters  a 
statistical  weight  was  given  for  various  bands.  This  is  especially 
important  for  the  transition  4Ig/2  -*■  4F3/2  as  the  lasing  occurs  from 
this  level. 


The  nx  parameters  and  the  predicted  spectral  intensity  together 
with  the  matrix  elements  (11)  are  presented  in  Table  I  ,  for  the  transi¬ 
tions  from  4F3/2»4Ii5/2>  4*l3/2  and  4 ^ 1 1 / 2-  The  complete  set  of  levels 
will  be  published  later.  The  measured  and  calculated  oscillator 
strengths  together  with  the  absorption  and  intensity  parameters  are 
presented  in  Table  II. 


The  integrated  cross-sections  were  calculated  from 

,  A4A 
d  ~  8 Hen 2 


(6) 


The  radiative  properties  of  Nd3  in  chalcogenide  glass  compared 
to  Ed-2  glass  and  other  oxide  glasses  are  presented  in  Table  III. 


While  the  branching  ratio  is  slightly  in  favor  of  4F3/2  4F 1 1/2 
(the  lasing  transition)  the  significant  fluorescence  of  4F3/2  -*•  4 Fi 3/2 
should  also  be  mentioned.  This  transition  is  responsible  for  the 
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jii.ib;. ion  at  1.37  microns  and  is  of  importance  as  a  light  source  for 
the  Ik  region. 

A  striking  property  of  chalcogonidc  glass  is  the  cross-section 
of  stimulated  emission  which  is  higher  in  chalcogenide  glass  as  com¬ 
pared  to  hi)- 2  glass.  It  should  be  noted  that  this  property  of  the 
glass  enables  its  use  as  a  laser  material. 

Thermal  and  mechanical  stability  of  these  glasses  should  also 
be  mentioned.  The  glass  transition  temperature  is  tg  =  530°C. 
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SPECTRAL  BEHAVIOUR  OF  Nd3*  DOPED  GLASSES  UNDER  NARROW-LINE  EXCITATION  * 
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NdJ*  doped  phosphate,  tellurite,  ED-2  and  germanate  glasses  were  excited  by  a  laser  into  different  parts  of  the  *l9/2 
—  4CS/j  inhomo;'tneousl>  btoadened  band.  It  was  found  that  the  germanate  glass  exhibited  wavclertgih-dcpcndent  decay 
times  even  at  room  temperature.  It  is  concluded  that  the  diffusion  of  energy  in  the  germanate  glass  is  slow  because  a  large 
energy  mismatch  between  different  sites  decreases  the  probability  of  ervetgy  diffusion  between  them. 


I.  Introduction 

N’d3+  doped  glasses  have  been  studied  extensively 
in  view  of  their  importance  as  laser  materials  (1 J .  Re¬ 
cently,  the  technique  of  luscr-inuuced  fluorescence  line 
narrowing  (FLN)  was  used  for  the  study  of  Nd3+  [2,3) 
and  Eu3+  [4- spectroscopy  in  glasses.  Tills  technique 
makes  it  possible  to  distinguish  between  different  groups 
of  sites  tit  the  imioinogeneously  broadened  spectrum  of 
Nd3+.  Using  this  technique.  Drccherctai.  [3,8]  showed 
that  the  radiative  and  lion-radiative  transition  probabili¬ 
ties  in  the  commercial  CD-2  glass  as  well  as  borate,  phos¬ 
phate  and  fluoride  glasses  depend  on  the  specific  site 
in  which  the  Nd3+  ton  i:  situated.  This  arises  from  the 
differences  in  the  crystal-field  parameters  between  the 
various  sites  that  contribute  to  the  inhomogeneous 
band. 

In  the  ptesent  paper  we  compare  (he  spectral  behav¬ 
iour  of  phosphate,  gctnianaic  and  tellurite  glasses  with 
that  of  ED-.’  glass.  As  a  result  of  this  study,  it  ts  pos¬ 
sible  to  draw  conclusions  about  lire  character  and  inter- 

*  Partially  supported  by  U  S.  Army  Contract  DALkO-76-G- 

066. 


action  between  various  sites  in  different  glasses  as  re¬ 
flected  by  the  lifetime  dependence  on  excitation  wave¬ 
length. 


2.  Experimental 

Nd3+  doped  glasses  of  the  following  compositions 
were  prepared: 

0.045  mole  per  liter  in  phosphate  NaPOj  [9] ; 

0.097  ntole  per  liter  Nd3+  in  tellurite  15BaO-85TeC>2 

[10], 

0.054  mole  per  liter  and  0.54  mole  per  liter  Nd3+  in 

germanate  glass  I7K20-17Ba0-66Ge0j  (II). 

ED-2  glass  containing  3  weight  %  Na3+  was  kindly  pro¬ 
vided  by  Dr.  C.F.  Rapp  of  Owens  Illinois.  The  doped 
glasses  were  excited  with  tunable  dye  laser  (Molectron 
DL-200)  equipped  with  a  scan  control  unit  and 
pumped  by  a  pulsed  Nj -laser  (Molectron  UV400).  The 
dye  laser  linewidth  at  570-600  nm  was  about  1cm"1 
and  pulse  duration  5  ns. 

The  fluorescence  was  passed  through  a  monochro¬ 
mator  (6  nm/nun)  and  detected  with  an  R777 
Hamamatsu  photomultiplier  (890  nnt  emission)  or 
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with  aji  RCA  7102  photomultiplier  (1060  run  emis¬ 
sion).  The  signal  was  led  into  a  1*AR  162/164  boxcar 
averjgei  and  recorded  on  an.V-  )'  recorder.  Good  signal- 
to-noise  ratio  was  obtained  in  about  1000  s. 

,  l:\etlalion  spectra  were  taken  using  a  scanning  rate 
of  the  grating  of  2  nm/nnn.  The  fluorescence  spectra 
after  different  time  delays  were  measured  by  setting 
the  boxcar  integrator  on  the  approp-iatc  times  and  re¬ 
cording  the  integrated  spectra.  In  steady  state  experi¬ 
ments,  fluorescence  was  excited  by  an  Ar*  laser 
(Spectra  Physics  164)  at  4880  A,  dispersed  by  Spcx 
1401  double  monochromator  and  detected  by  an  RCA 
C3I034  photomultiplier,  using  a  photon  counting  sys¬ 
tem.  Absorption  spectra  were  taken  with  a  Cary  14 
spectrophotometer  with  undoped  glass  as  a  blank. 

Emission  spectra  were  measured  using  an  apparatus 
built  in  this  laboratory  *  which  consists  of  an  Oriel 
xenon  dc  150  W  source  and  excitation  monochromator 
(Oriel  7240)  with  a  resolution  of  6  nm/mtn  blazed  at 
500  nm,  a  Spex  1 704  analyzing  monochromator  and 
an  RCA  7102  cooled  photomultiplier  coupled  with  a 
PAR  189  selective  amplifier  and  a  PAR  128  lock-in 
amplifier.  The  fluorescence  spectra  were  not  corrected 
for  the  spectral  response  of  the  instrument.  AJI  measure¬ 
ments  were  performed  at  room  temperature. 

3.  Results  and  discussion 

Fig.  1  presents  the  laser  excitation  spectra  of  Nd3* 
doped  glasses  monitored  at  890  nm.  The  same  spectra 
were  obtained  when  monitored  at  1060  nm.  Note  the 
pronounced  splitting  of  Nd3+  in  germanate  glass.  It 
should  be  noted  that  germanate  glasses  have  a  stronger 
tendency  of  devitrification  than  other  glasses  [12] 

We  therefore  believe  that  Nd3*  is  situated  at  a  variety 
of  distinct  sites  which  arc  well  separated  in  energies  in 
germanate  glasses,  possibly  making  the  interaction  be¬ 
tween  the  various  sites  weaker  than  in  other  glasses 

Fig.  2  presents  the  fluorescence  spectra  of  the  four 
glasses.  Irradiation  with  broad  band  light  source 
(250  cm  ~ 1 )  leading  to  excitation  of  all  the  sites,  re¬ 
sults  in  broad  spectrum.  The  width  of  the  spectrum  de¬ 
creases  upon  lowering  the  concentration  as  the  num¬ 
ber  of  different  sites  decreases.  At  higher  concentration, 

*  The  detailed  descriptions  of  the  instrument  will  be  published 
shortly. 
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Fig.  1.  Laser  excitation  spectra  of  various  Nd3*  doped  oxide 
glasses  tn  ihc  region  of  the  *\9n  -  4G5,j  absorption  band 
(a)  0.054  molc/litcr  Nd3*  in  germanate;  (b)  9.54  mole/liter 
Nd3*  in  germanate;  (c)  0.81  mole/liler  Nd3*  in  germanate; 

Id;  0.097  molc/lircr  Nd3*  in  tcUunte;  (c)  ED-2  glass; 

(f)  0.045  molc/htcr  Nd3'  in  phosphate  Emission  monitored 
at  890  nm. 

the  intensity  of  the  short  wavelength  part  of  the  *Fj^ 
■*  4 19/2  band  (8*0  nm)  diminishes  because  of  self-ab¬ 
sorption.  In  contrast  to  the  broad  band  excitation,  the 
excitation  by  an  Ar+  laser  at  4880  A  results  in  a  nar¬ 
rower  emission  band  of  Nd3*  in  germanate  and  tellurite 
glasses  peaking  at  877  and  873  respectively  which  con¬ 
stitutes  a  subset  of  sites  The  raiio  of  /gso/^lOfiO 
fluorescence  decreases  with  the  concentration  of  Nd3* 
because  of  self-trapping  of  the  fluorescence. 

In  order  to  compare  the  relative  intensities  of  the  4Fj/j 
*  1 1 1/3  we  have  used  the  results  of  Ltpson  et  al.  (13),  who 
measured  a  corrected  spectrum.  Thus,  our  results  of  the  880 
nm  fluorescence  have  to  be  multiplied  by  a  factor  of  1.36  in 
order  to  get  the  corrected  values  of  the  !060nm  fluorescence. 
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The  shape  of  the  emission  band  did  not  change  after 
different  delay  times  (0.S-700  pis)  within  the  experi¬ 
mental  error.  This  brings  us  to  the  conclusion  that  the 
relaxation  process  from  the  state  initially  excited  to 
the  4  ^3/2  sta,e  leading  to  the  population  distribution 
of  the  emitting  sites,  occurs  much  faster  than  0.5  pis 
(the  time  resolution  of  the  experimental  set-up). 


4.  Lifetimes 

The  decay  curves  of  Nd3*  in  tellurite  glasses  were 
single  exponentials  with  a  lifetime  of  155  i  6  pis.  Simi¬ 
lar  results  were  obtained  by  Singh  et  al.  [14] ,  and  no 
excitation  wavelength  dependence  of  lifetime  was  ob¬ 
served.  In  phosphate  and  ED-2  glasses,  non-exponential 
decays  were  observed  but  there  still  was  no  dependence 
on  excitation  wavelength.  By  contrast,  the  decay  times 
for  germanate  glasses  were  found  to  be  dependent  on 
the  exciting  wavelength.  In  all  cases  the  lifetimes  were 

Fig.  2.  Fluorescence  spectra  of  Nd3*  in  various  oxide  glasses: 
(a)  ED-2  glass;  (b)  0.54  mole/liter  Nd3*  in  germanate; 

(c)  0.054  mole/litcr  Nd3*  in  germanate ;  (d)  0.58  mole/titer 
Nd3*  in  tellurite;  (e)  1.55  nrolc/liter  Nd3*  in  tellurite; 

(0  0.097  molc/liter  Nd3*  in  tellurite;  (g>  0.045  molc/liter 
Nd3*  in  phosphate;  (h)  0.54  molc/liter  Nd3*  in  germanate; 

(i)  ED-2  glass;  0)  0-58  mole /liter  Nd3*  in  tellurite,  (a)-(g) 
were  excited  at  580  nm  under  broad  band  excitation,  (h)-(j) 
were  excited  under  narrow-line  (4880  A)  Ax*  laser  excitation. 


Table  1 

Lifetimes  of  the  first,  second  and  third  e-folding  times  of  Nd3*  doped  germanate  glass  excited  at  various  wavelengths  in  the  4  l,a 
-*  4Gj ,i  region  (estimated  error  :2%) 


\:xc  (nm) 

0,054  M  Nd3*  in  germanate 

0.54  M  Nd3* 

in  germanate 

ft  (ms) 

h  (M») 

r s  (ms) 

ft  (M*) 

1 1  (MS) 

fj  (ms) 

572 

480 

630 

770 

360 

415 

470 

574 

450 

540 

650 

340 

380 

435 

577 

360 

420 

301 

345 

415 

580 

340 

430 

450 

282 

340 

375 

583 

315 

395 

470 

275 

325 

385 

585 

- 

- 

- 

285 

335 

405 

587 

340 

440 

520 

290 

345 

590 

390 

510 

- 

- 

- 

592 

320 

400 

480 

272 

317 

400 

594 

325 

405 

490 

- 

- 

- 

596 

- 

- 

- 

286 

353 

445 
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dearly  non-exponential  as  shown  in  table  1  for  some 
excitation  wavelengths.  The  first,  second  and  third  e- 
folding  times,  /j ,  r,  and  /j  where  Iq/I t  =  e  /q/Zj 
=  e 2 /0//3  =  e3  are  given  in  table  1  for  Nd3*  doped  ger- 
manate  glass.  The  lifetimes  of  Nd3+  doped  phosphate 
and  ED-2  glass  are  independent  of  the  excitation  wave¬ 
length  (in  the  range  572-596  nm).  The  following  val¬ 
ues  were  obtained:  for  phosphate  glass  /]  =  230  ±  3  jrs, 
l7  =  li~  775  i  7  FS.  and  for  ED-2  glass  /  j  =  255  ±  5  fis 
and  r2  =  r3  =  292  ±  9  ps.  The  fact  that  germanate  glass 
is  the  only  one  displaying  a  dependence  of  fluorescence 
lifetime  on  excitation  wavelength  indicates  that  the  in¬ 
teraction  between  various  sites  may  be  weaker  in  this 
glass  than  in  the  others  studied.  One  possibility  is  that 
the  phonon  assisted  energy  transfer  is  less  efficient 
than  in  other  glasses  but  evidently  this  phenomenon 
warrants  further  study. 


5.  Conclusions 

From  a  comparison  of  the  excitation  spectra  of  the 
four  glasses  (fig.  1),  it  can  be  seen  that  the  splitting  in 
the  spectra  of  the  germanate  glasses  is  larger  than  that 
in  the  spectra  of  the  other  glasses,  reflecting  the  trend 
found  in  the  absorption  spectra.  This  splitting  indi¬ 
cates  that  in  germanate  glass  the  energetic  separation 
between  the  different  sites  is  large  and  more  pro¬ 
nounced  than  in  the  other  glasses.  Therefore,  the  inter¬ 
action  between  the  sites  is  weaker,  leading  to  a  lower 
dii  fusion  rate  of  energy  between  the  different  sites. 
Thus  we  observe  the  phenomenon  of  different  life¬ 
times  dependence  on  excitation  wavelength  in  german¬ 
ate  glasses  at  room  temperature,  while  in  ED-2,  phos¬ 
phate,  borate  and  fluoride  glasses  (3,8]  this  could  be 
seen  only  at  15  K.  It  thus  appears  that  qualitatively, 
the  behaviour  of  germanate  glass  at  room  temperature 
corresponds  to  that  of  other  glasses  at  cryogenic  tem¬ 
peratures.  This,  in  turn,  suggests  that  energy  diffusion 
experiments  may  be  conducted  at  room  temperature 
using  germanate  glasses,  allowing  a  considerable  simpli¬ 
fication  of  the  experimental  set-up.  Excitation  of 
Nd3+  doped  germanate  and  tellurite  glasses  gives  nar¬ 
rower  emission  peaks  than  excitation  by  a  broad  band 
source.  The  narrow-line  fluorescence  linewidths  are 
much  broader  than  the  homogeneous  widths,  because 
the  excitation  is  not  made  into  the  resonant  transition 
allowing  for  accidental  coincidence  [15]  during  the 
relaxation  process  between  the  various  Stark  levels. 
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Thus  Nd3+  doped  germanate  glasses  are  expected  to 
show  narrow  band  laser  emission,  more  similar  to  crys¬ 
tals  than  the  other  glasses.  From  the  above  we  con- . 
dude  that  the  interaction  between  various  sites  in  the 
phosphate,  tellurite  and  silicate  glass  is  much  stronger 
at  room  temperature  than  similar  interaction  in  the 
germanate  glasses.  It  is  worthwhile  to  note  the  analogy 
between  the  germanate  glass  and  other  systems  in 
which  Anderson  localization  occurs  [16] .  The  other 
glasses  resemble  in  their  behaviour  organic  systems  ex¬ 
hibiting  the  phenomenon  of  energy  percolation  [17] . 
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Eigenvectors  of  ihc  4 T  electronic  conhguralion  of  Sm'  were  calculated  in  intermediate  coupling,  and 
used  to  obtain  the  reduced  malm  elements  V  "  Absorption  spectra  of  Sm'"  were  recorded  in 
phosphate,  horatc  permanale  and  tellurite  classes  The  Judd-Ofelt  f),  s  intensity  parameters  were  then 
deduced  from  the  measured  osullator  strenpihs  bv  least -squares  httmf  Radiative  transition  probabilities 
and  integrated  cross-sections  of  stimulated  emissions  are  obtained  Calculated  branching  ratios  and  dciay 
lifetimes  are  compared  with  the  experimental  values 


1.  Introduction 

Samarium  ton  has  valuable  fluorescence 
properlies.  that  make  it  useful  as  laser 
material  and  phosphor  At  room  tempera¬ 
ture  the  absorption  and  fluorescence  study  of 
Sm’'  in  phosphate  (/),  borate  </)  and 
germanate  (J?i  oxide  glasses  was  performed 
at  this  laboratory  The  effect  of  tempera¬ 
ture  on  the  fluorescence  properties  of 
Sm1*  in  tellurite  glass  is  now  in  progress 
iJl. 

The  fluorescence  of  samarium  is  quenched 
at  higher  concentration  because  of  ion-ion 
cross  relaxation  (/ 1.  However,  this  difficulty 
can  be  circumvented  by  utilizing  the  increase 
of  Sm1*  population  via  energy  transfer  (4). 

Therefore,  it  is  of  interest  to  obtain  pre¬ 
dictions  of  the  radiative  transition  prob¬ 
abilities  and  branching  ratios  of  Sm1*  emis¬ 
sion,  and  verify  them  with  experimental 
results. 

*  Partially  tupporled  by  U  S  Army  Contract  No. 
DAERO-76-G-066. 

+  Permanent  address:  Soreq  Research  Center.  Yavne 
60700.  Israel 


II.  Matrix  Element  Calculations 

As  a  first  step  of  this  calculation  the  4f' 
"free  ion"  eigenvectors  were  obtained,  in  the 
intermediate  coupling  scheme,  by  diagonal¬ 
izing1  the  energy  matrices  for  each  J  using 
radial  parameters  obtained  by  linear  inter¬ 
polation  between  N'd1*  (5)  and  Tm1*  (6) 
ions.  Justification  of  such  procedure  will  be 
discussed  in  connection  with  experimental 
results.  The  values  of  these  parameters  are 
given  in  Table  1.  The  resulting  eigenvectors 
were  then  introduced  into  a  code  by  A  Caird 
and  resulted  in  the  reduced  matrix  elements 
U'A 1  presented  in  Table  II.  Recently,  matrix 
elements  of  Sm’*  in  LaFj  were  computed  by 
Carnall  et  al.  (7),  using  different  radial 
parameters  for  calculation  of  the  eigen¬ 
vectors.  Maximum  deviation  between  the 
reduced  matrix  elements  obtained  in  this 
work  and  the  reference  cited,  do  not  exceed 
10%. 

It  should  be  remarked  that  the  lowest 
fluorescent  level  of  /  *  |  is  sometimes 

1  The  diagonalization  was  performed  using  a  code 
kindly  provided  to  us  by  Dr  Frey. 

(ki::-4vvs  79  uiix/75-ns»:  «)/o 
Copyright  (f  by  Academic  Press.  Inc 
All  rights  of  reproduction  m  any  form  reserved 
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TABLE  1 


Radial  Parameters  for 

FIGURATION  OF 

THE  if'  Con 
Sm’- 

Parameier 

Diag  (cm  ‘i 

A 

79643 

F; 

370 

F, 

56 

A 

6  2 

Q 

30 

8 

-900 

C 

1200 

referred  to  as  4F  and  sometimes  as  4C  )8). 
According  to  our  calculation  the  percentage 
composition  of  this  level  is  \F  27%  and  \G 
25%  Therefore  the  assignment  of  this  level 
is  a  matter  of  taste 


III.  Intensity  Parameters 


The  intensity  parameters  /Vs  were 
obtained  by  least-squares  fit  to  the  experi¬ 
mental  oscillator  strengths  /  in  the  spectral 
region  0.5  p.-2.2  p  using  Eq.  (1) 


8Tr2mc(T  r(n*-*-2);1  y 

3/i(2/  +  1)1  9n  J,.m 


( h 


.  K/Vllt/'A,rVr>f  (l) 


where  a  (in  cm  ’ )  is  the  baricenter  of  the 
absorption  band,  n  is  the  index  of  refraction 
of  the  glass  taken  as  constant  o\er  the  range 
of  observation  and  2 J  -r  1  are  the 
degeneracies  of  the  J  manifold. 

Experimentally,  /  is  obtained  from  the 
absorption  spectrum  by 

/  =  4. 318*10  °|f(<ridcr  (2l 

where  f  is  the  molar  extinction  coefficient. 

In  our  previous  work  (9,  10)  we  ha\e 
found  that  for  calculation  of  the  1?A 
parameters  of  Sm’*  the  levels  of  this  ion  must 
be  divided  into  a  low  set  of  energies 
(<  10  000  cm  1 )  and  a  high  lying  set  of  levels 
(>17  000  cm  ’),  and  only  the  low  set  is 
compatible  with  Judd-Ofelt  theory.  Recal¬ 
culation  has  shown  that  three  additional 
upper  levels,  namely  4Gf/2,  4F>  2  and  4G7  : 
can  still  be  fitted  into  the  low  lying  set  of 
levels,  without  affecting  the  values  of  the  low 
set  of  I7„  parameters. 

The  slight  difference  between  the  intensity- 
parameters  obtained  in  this  work,  as  presen¬ 
ted  in  Table  III,  and  those  reported  in  Ref.  2, 
arises  from  the  reidentification  of  the  SmJ‘ 
transition  in  the  infrared  part  of  the  spec¬ 
trum. 


TABLE  It 

<SL/|l(/m||S7.7')’  for  some  Transitions  of 
the  /’  Configuration 


Designation 

1/(2)’ 

i/(*r 

C/(6>’ 

— *  ‘fi/2 

0.1947 

0.0 

0.0 

‘A/: 

0  1389 

0.1329 

0.0 

‘A/2 

0.0346 

0.2594 

0.0 

*A/2 

0.0042 

0.1099 

0.3939 

*F„  2 

0.0001 

0.0183 

0.3526 

‘F../2 

0.0 

0.0006 

0.0527 

0.0002 

0  0006 

0.0 

*hv2 

0.0 

0.0067 

0.0081 

0.0112 

0  0066 

0.0021 

‘Hi  i/2 

0.0 

0.0056 

0.0030 

6W|j/j 

0.0 

0.0 

0.0022 

‘A/2 

0.0008 

0.0 

0.0 

‘A/2 

0  0013 

0.0001 

0.0 

IV.  Radiative  Spectral  Characteristics 

The  radiative  transition  probability  Ajj  ,  is 
obtained  from  the  oscillator  strength  fn 


TABLE  III 

Intensity  Parameters  f)A  of  Sm’*  in  Oxide 
Glasses 


Glass 

Matrix 

(7,  x  to’0 

cm1 

n4Mo’° 

__2 

cm 

cm’  n 

Borate 

6.36 

6.02 

3.51 

1.46 

Phosphate 

4.31 

4.28 

5.78 

1  48 

Germanate 

648 

4  98 

3.18 

1.64 

Tellurite 

3.17 

3.65 

1.61 

2.04 
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TABLE  IV 

Radiati\e  Transition  Probabilities  A.  and  Siimluaied  Cross  sections  of  somf 

Selected  Transitions  of  Sm'- 


Borate 

Phosphate 

Germanate 

Tellurite 

Wavelength 

Ais  'if 

<7(  I-  1  dl 

Ais  1 1 1 

[  (T I  1  -\df 

Ais  'ifffUK/r 

Ais  ’  l 

[  <rl  rl  dr 

Transition 

>  Id' 

H  cm 

X  10 

\  H 

cm 

*  1018  cm 

*10 

'*cm 

4G5  ; 

0  560 

20.2 

0.039 

17  7 

0  034 

26.8 

0.041 

45  1 

0.045 

4G, ,, 

0.596 

119  0 

0.263 

133  0 

0.286 

147.0 

0  258 

206  0 

0  233 

4Gs/2  -♦"H,;! 

0.642 

152.0 

0.390 

117.0 

0.292 

205.0 

0.417 

247.0 

0  32.1 

4Gf„ 

0.702 

43.8 

0.134 

41.6 

0.124 

52.5 

0  128 

762 

0  120 

using  Eq.  (3) 

Ajj  = 


8rrVnJ 

- TJ- 

mcA 


*  fu 


(3) 


where  A  is  the  mean  wavelength  of  the  rele¬ 
vant  transition.  The  integrated  emission 
cross-section  is  related  to  the  radiative  tran¬ 
sition  probability  by  (11): 


1  ,4) 

t-i 

The  values  of  these  two  quantities  in  four 
oxide  glasses  are  given  in  Table  IV.  It  should 
be  remarked  that  the  four  transitions  in  the 
Table  account  for  85%  of  the  total  fluores¬ 
cence. 

The  branching  ratio  /?„  for  a  transition 
i  -*  j  is  given  by 


IA„ 


three  transitions  to  the  total  branching  ratio 
is  more  than  75%.  The  reasonable 
agreement  between  both  values  justifies  the 
method  of  calculation  of  the  eigenvectors. 

V.  Conclusions 

In  the  present  work  we  predict  the  radia¬ 
tive  transition  probabilities  and  other  spec¬ 
troscopic  characteristics  of  Sm54  ion  in  the 
four  oxide  glasses,  based  on  the  intensity 
parameters  which  are  the  average  values  for 
the  inhomogeneously  broadened  bands.  It  is 
shown  that  these  values  predict  correctly  the 
experimental  data.  Similar  results  may  be 
expected  if  the  Sm54  were  excited  by  a  laser 
instead  of  a  broad  band  xenon  source, 
because  of  the  fast  diffusion  of  energy  among 
the  different  sites  in  the  Sm  system. 

Another  feature  of  the  present  treatment 
is  the  possibility  to  control  the  red 
at  642  nm)  to  orange 
CGi/i-'Hi/t  at  596  nm)  intensity  ratio  by 
varying  the  glass  host.  The  phosphate  glass  is 


The  values  of  the  calculated  decay  lifetimes 
from  the  *G$/i  at  17  700  cm’1  of  Sm3*  are 
given  in  Table  V  and  compare  with  the 
measured  ones,  taken  at  concentrations  at 
which  quenching  does  not  occur  yet.  In  Table 
VI  we  compare  the  calculated  and  experi¬ 
mental  values  of  the  branching  ratio  of  the 
three  strongest  emission  bands  of  Sm1*  in 
phosphate  glass.  The  contributions  of  these 


TABLE  v 

Decay  Lifetimes  of  the  4G„2  Level  of  Sm’4 
in  Oxide  Glass 


Matrix 

tup  (msec) 

Ta.1  (msec) 

Borate 

2.63 

3.54 

Phosphate 

2.34 

2.80 

German  ante 

2.15 

1.97 
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1  ABLE  V! 

Branching  Ratios  from  thf  4G.  :  Lfsei  to 
the  Mamfoid  of  Sm1'  is  Phosphate 
Cii  ass 


Transition 

^e»r 

0,0 

4G5/2-»k«,  2 

0  07 

0  05 

-"Hi  2 

0.35 

0.37 

-''«!>  2 

0  33 

0  33 

characterized  by  having  the  orange  emission, 
stronger  than  the  red  emission  while  in  the 
other  glasses  the  opposite  holds  This  fact 
may  be  of  practical  value  in  phosphors  and 
related  devices. 

The  stimulated  emission  cross-section  at 
650  nm  is  crp  —  5  x  10‘:i  cm3,  assuming  a  Jr 
value  of  200  cm  This  crr  is  lower  by  almost 
one  order  of  magnitude  than  stimulated 
emission  cross-section  of  the  4Fj  2-4/ur? 
transition  of  Nd" *  in  silicate  glass  (11).  Thus, 
larger  excited  state  population  densities  will 
be  required  for  efficient  laser  operation.  For 
this  purpose  energy  transfer  from  ions  having 
large  absorption  cross-section  such  as  Bi5*- 
Sm4'’  (12 (or  UOj'-Sm3*  (4 1  can  be  utilized. 
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Enerpv  transfer  from  UO;‘  lo  Sm’’  is  described  The  transfer  efficiencies  arc  calculated  from  the 
decrease  of  donor  luminescence  and  lifetimes  and  from  the  increase  of  the  acceptor  fluorescence  It  is 
shown  that  the  transfer  is  nonradiative  The  energy  transfer  efficiencies  are  greater  when  the  donor  is 
excited  at  higher  energv  levels  due  to  stronger  overlap  between  electronic  levels  of  donor  t'O  -  '  and 
acceptor  Sm  '  From  the  comparison  of  energv  transfer  efficiencies  from  UO;"  '  to  Sm'-  and  Eu’  it  is 
deduced  that  the  overlap  between  excitation  levels  of  donor  and  acceptor  is  a  sufficient  condition  for  the 
transfer 


a 


Introduction 

The  v  tsible  emission  of  Sm 1  ‘  is  of  practical 
value  as  it  may  be  utilized  in  various  fluores¬ 
cence  devices.  Sm'*  as  a  single  dopant  in 
borate  if),  phosphate  (it.  germanate  (2), 
and  tellurite  (.71  glasses  has  been  studied. 
The  radiative  transition  probabilities  along 
with  the  transition  matrix  elements  have 
been  calculated  recently  in  these  glasses  (4). 
The  intensity  of  fluorescence  is  ruled  by  the 
product  of  radiative  transition  probabilities 
and  the  population  of  the  excited  levels. 
Since  radiative  transition  probabilities  of 
Sm3*  from  *Gsn  are  3.57  x  10~2  per  second, 
the  way  to  increase  Sm3*  fluorescence  is  to 
increase  the  population  of  its  levels  via 
energy  transfer  (5).  It  has  been  shown  pre¬ 
viously  ( 6 )  that  the  best  way  to  achieve  high 
population  of  excited  states  of  rare  earth  ions 
is  to  use  donors  with  high  absorption 
coefficients.  In  this  paper  we  report  the 
phenomenon  of  energy  transfer  (E.T.)  from 

*  Partially  supported  by  U  S.  Army  Contract 
DAERO  76-G-066. 


UO;2*  to  Sm3*  in  phosphate  glass  and 
compare  the  results  to  E.T.  from  the  same- 
donor  to  Eu 

Energy  transfer  from  UO-2*  to  other  rare- 
earth  ions  in  solutions  (7,8),  crystals  (9,  1th. 
and  glasses  ( 1 1-16)  was  studied  To  the  best 
of  our  knowledge  there  is  no  quantitative 
study  of  transfer  from  U022*  to  Sm3*.  The 
fluorescence  characteristics  of  glasses  doped 
with  U022*  only  which  are  needed  for  such  a 
study  are  reported  in  Ref.  (17). 

Experimental 

Reagents  NaH2POa  •  H20(MalIinckrodt). 
99  5%  purity,  UOj(CHjCOO):  2H20 
(BDH  Chemicals),  Eu2Oy,  and  Sm2Oj 
(Molycorp),  99%  purity,  were  used. 

A  mixture  of  phosphate  with  the  appro¬ 
priate  weight  of  rare  earth  (R  E.)  was 
homogenized  in  an  electric  vibrator  and 
melted  in  a  platinum  crucible  at  900C 
Drops  of  hot  melt  were  poured  on  a  glazed 
ceramic  plate  into  a  ring  of  1-cm  diameter 
and  pressed  with  another  glazed  ceramic. 
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Fluoresecnce  spectra  were  recorded  by  a 
spectrofluorimeter  built  in  our  laboratory 
(18 1. 

Lifetime  measurements  were  performed 
using  an  EGG-FX-6AU  flash  lamp,  having 
an  average  pulse  duration  of  3  jesec  The 
pulsed  fluorescence  was  transmitted  into  a 
162  PAR  boxcar  integrator  and  recorded  on 
an  XY  recorder. 

Results 

The  appearance  of  the  UO:‘"  excitation 
bands  in  the  excitation  spectrum  of  Sm'' 
(Fig.  1)  is  the  proof  for  the  energy  transfer 
from  U022*  to  Sm' '  The  excitation  bands  of 
U022*  in  phosphate  glass  are  at  330,  430, 
and  470 nm  when  monitored  at  one  of  the 
five  fluorescence  peaks  between  500  and 
600  nm,  as  can  be  seen  from  Fig  2 

The  emission  of  U02:*  was  quenched  in 
the  presence  of  Sm5*  as  a  result  of  the  E.T. 
The  decrease  was  observed  in  all  five  peaks 
and  in  the  same  amount,  indicating  the 
nonradiative  character  of  the  transfer  The 
transfer  efficiencies  were  calculated  accord¬ 
ing  to  Ref.  (19)  by 

»?i  =  l-^.  (1) 

Va 


where  rji  is  energy  transfer  efficiency,  rjj  the 
fluorescence  efficiency  of  the  pure  donor, 
and  ?)j  the  fluorescence  efficient's  of  the 
donor  w  ith  acceptor  present  The  \alues  of  rj, 
are  given  in  Table  1.  In  this  table  we  also  give 
the  results  of  E.T.  efficiencies  from  l  O:'  to 
Eu''  in  phosphate  glass. 

The  decay  time  of  UO;'"  was  measured 
alone  and  with  the  presence  of  Sm‘  and 
Eu  '  The  decay  was  not  a  simple  exponen¬ 
tial  in  all  cases.  Examples  of  the  decay  curves 
of  LO:‘*  in  the  presence  of  Sm‘'  and  Eu'' 
are  presented  in  Figs.  3  and  4,  where  the 
shortening  of  the  U022'  lifetime  is  demon¬ 
strated.  r  was  taken  where  the  intensity  fell 
to  1/c  of  its  initial  value 
Transfer  efficiencies  were  calculated 
according  to  the  equation 

n<  =  i  — «r  •  <2 1 

r  a 

where  rd  is  the  lifetime  of  the  pure  donor  and 
rd  is  the  lifetime  of  the  donor  in  the  presence 
of  the  acceptor.  The  efficiencies  thus  cal 
culated  are  given  in  Table  II. 

The  enhancement  of  Snr  *  fluorescence  in 
the  presence  of  U02‘*  obtained  by  measur 
ing  the  relative  fluorescence  of  the  645 -nm 


645  nm. 


>  monitored  it 
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Fig .2  Excilaiion  and  emission  of  U02:  in  phosphate  glass  compared  to  the  electronic  energy  lev  els 
of  Sm’- and  Eu’- according  to  Ref  < 5.  p  93i 


peak  when  excited  at  330,  405,  430,  and 
470  nm  given  in  Table  III. 

The  relation  between  the  increase  of  Sm3" 
fluorescence  Jt/,  to  the  transfer  efficiency  rj, 
is  shown  in  Eq.  (3); 

Jt}„  =  kAdA<i>dASA7),t.  (3) 

where  Adk  is  the  absorption  of  the  donor  at 
the  excitation  wavelength  A,  <t>dA  the  quan¬ 
tum  efficiency  of  the  donor  fluorescence 
where  excited  at  wavelength  A,  SA  the  spec¬ 
tral  sensitivity  of  the  spectrofluorimeter 
(including  light  source  and  monochrom- 
mator),  and  k  the  proportionality  constant, 
obtained  by  equating  jj,a  (A  =  330  nm)  from 

TABLE  I 

Efficiencies  of  E.T.  between  U02J*-»Sm3* 
and  U02J*-»Eu3*  Obtained  from  Steady 
State  Fluorescence  Calculated  by  Eq  (1) 


1%  wt  U02J‘  + 

V< 

1%  wtUOj1'* 

V, 

0.5%  Sm3* 

0.18 

0.5%  Eu3* 

0.27 

1%  Sm3* 

0.25 

1%  Eu3* 

036 

Eq.  (1)  to  tjia  obtained  by  Eq  (3).  The  three 
factors  AdA.  <t>dA.  SA  are  intrinsically  included 
in  the  excitation  curve  of  U02J*  and  are 
eliminated  by  dividing  Jr},  by  the  intensity  of 
UO;  '  peaks  at  wavelength  A  in  the  excita¬ 
tion  spectrum  The  values  thus  obtained  are 
given  in  Table  IV. 


fluorescence  decay 


Fio.  3.  Fluorescence  deciy  curves  of  U023*  end  with 
presence  of  1  wi%  Sm’*. 
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FiO  4  Fluorescence  decav  curves  of  L'O;"  ‘  and  u  Oh 
presence  of  various  concentrations  of  F.u 

From  Table  IV  n  can  be  seen  lliat  the 
transfer  efficiencies  are  greater  when  the 
excitation  level  is  at  higher  energy.  This  can 
be  connected  with  the  stronger  overlap 
between  electronic  levels  of  Sm3*  and  UO:'' 
at  higher  energies  as  presented  in  Fig.  2.  In 
this  figure  we  also  see  that  for  Sm3'  elec¬ 
tronic  levels  there  is  a  good  overlap  between 
both  excitation  and  emission  bands  of 
UO/*;  while  in  case  of  Eu3*  there  exists  a 
good  overlap  only  between  the  excitation  of 
U023*  and  the  electronic  levels  of  Eu3". 
Since  transfer  efficiencies  are  somewhat 
higher  for  Eu3 *  (Table  I)  we  can  deduce  that 
overlap  of  the  excitation  spectrum  of  the 
donor  with  the  acceptor  electronic  levels 
satisfies  the  condition  that  energy  transfer 
will  occur. 

It  is  worthwhile  to  note  the  highest 
increase  of  Sm3*  fluorescence  in  the  presence 
of  U023*  at  excitation  405  nm  (Table  III), 

TABLE  II 

Efficiencies  of  E  T.  between  U023*  -»Sm3*, 

UOj,'-Eu5*  Calculated  from  Lifetime 
Measurements  by  Using  Eq  (2i 


1%wiUOj,‘+  n,  l%wtU02’*+  ti, 

—  -  0.5%  Eu3*  0.14 

1%  Sm'*  0  22  I  %  Eu’"  0  17 


T  AH!  I  II! 

Sm  '  Ft  i  oRtsi'f  n*  »  ! n  i }  v s '  t  >  a  i  hi'nm 

Ext  Hi.  D  AT  \  A  H  I  f  >  l  S  W  A\  [  I  l  Stilus 


A 

R  f 

R  f 

F.xcitatior. 

Rf " 

0  5'  Sm  ’ 

R  f 

1  .  Sm 

i  nm  i  i 

1  5°,  Sni'* 

-t- 1  1  O  ; 

1  Sm’** 

i%ro 

93 

4K»  ‘ 

y* 

h  s.  i 

4(»5 

300 

Mill 

4  »ii 

"Mi 

32 

*lll» 

4/0 

167 

4tlT 

R  f  =  Relative  fluorescence  arbitrary  unit 

where  the  excitation  of  UO.''  is  relatively 
low  This  can  arise  from  a  linear  combination 
of  the  electronic  state  of  Sm'  with  the 
wavefunction  of  UO;  '  thus  increasing  the 
transition  probability  of  this  state  origination 
from  the  ''Pj  multiplet  of  Sm'  .  This  can  be 
seen  in  the  excitation  spectrum  of  Sm3 
codoped  with  UO;’"  (Fig  1 1. 

The  energy  transfer  from  UO:;'  to  Sm' 
mainly  occurs  in  a  nonradiative  way  This  can 
be  seen  from  the  decrease  of  the  UO;* 
decay  time  in  the  presence  of  Sm3'  and  from 
the  equivalent  decrease  in  the  five 
fluorescent  peaks  of  UO;*'  in  the  presence 
of  Sm3*. 

The  detailed  nonradiative  mechanism  of 
the  energy  transfer  cannot  be  calculated  The 
various  sites  of  ions  present  in  the  glass  host 
create  many  distances  for  pairs  of  U023*- 
Sm5*,  and  thus  they  interact  in  a  different 
fashion  (6).  For  instance,  at  very  small  dis- 

7ABLE  I\ 


Efficiencies  of  ET  Obtained  from  the 
Increase  of  Sm3'  Fluorescence 
Calculated  by  Eo  (3l 


A 

Vu, 

Excitation 

0.5%  Sm3"  +  1% 

1%  Sm3*  + 1% 

(nm) 

UOj3* 

uo23* 

730 

0  18 

025 

430 

0  17 

0  21 

470 

0  12 

0  15 

uni  mu  mail  ,—«•:»*****»•• 
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lances  quadrupole-quadrupole  or  exchange 
interactions  may  be  effective,  whereas  at 
larger  distances  a  dipole-dipole  interaction 
would  predominate.  In  addition  diffusion  of 
energs  between  equi\alent  sites  of  UO_-~’ 
and  Sm'  may  be  important  at  the  concen¬ 
tration  measured.  !n  order  to  elucidate  this 
problem  it  is  advisable  to  perform  energy 
transfer  measurements  under  laser  excita¬ 
tion  using  time-resohed  spectroscope 
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Eigenvectors  of  F  u "  were  obtained  by  a  least-squares  httlng  procedure  to  the  tnesured  transitions  from  j  v  . 

the  tun  lowest ./  leseis  to  a  multitude  of  excited  levels  up  to  41  000  cm  1  The  Judd-Ofelt  parameters 

fl,ir  -  3,  4,  hi  were  obtained  bv  comparison  between  the  Li'"  calculated  from  the  eigenvectors,  and  the 

observed  oscillator  strength^  Radiative  transition  probabilities  and  branching  ratios  were  evaluated  fot 

the  ixetted  states ‘n,ij  -  I).  1 .  3  3  r  and  'L  .„  to  F,  The  agreement  between  the  calculated  3nd  observed 

lifetimes  and  branching  ratios  is  better  :n  oxide  glasses  than  in  the  [  entaphosphate  crystal  and  fluoride 

glasses  This  can  be  understood  on  the  basis  of  the  higher  variety  of  sites  and  hence,  better  averaging. 


•  v'' 


1.  Introduction 

Rare  earth-doped  glasses  and  crystals  ate 
of  both  theoretical  and  practical  interest 
because  of  their  properties  as  lasers  {1,2).  It 
was  pointed  out  that  owing  to  the  low  multi¬ 
phonon  relaxation  rate  of  fluoride  glasses  (T) 

*  Partially  supported  by  the  Israel  Scientific  Council 
of  Research  and  Development  and  by  US  Army 
Contract  DAERO  76-G-<lfifi  Correspondence  should 
be  addressed  to:  Professor  R.  Reisfeld.  Department  of 
Inorganic  and  Analytical  s  hemistry.  The  Hewbrew 
University.  Jerusalem.  1-r.iel 


their  luminescent  quantum  efficiencies  will 
be  increased  in  comparison  to  those  of  oxide 
glasses  in  the  cases  where  the  distances 
between  the  fluorescent  level  and  the 
adjacent  lower  levels  are  small.  Recently, 
this  hypothesis  was  verified  (4)  in  lan¬ 
thanide  doped  beryllium  fluoride  glasses, 
where  an  exponential  dependence  of  the 
multiphonon  relaxation  rates  on  this  energy 
gap  was  observed,  typically  five  times  lower 
than  in  oxide  glasses. 

The  spectroscopic  properties  of  neody¬ 
mium  in  various  fluorozirconate  glasses  were 

>M)22  4^6  *<>  0)tHX)-0Oj:  INI  tl 
Cops  right  £)  I  ■WO  by  Academic  Press  Pru 
Xlf  rights  ol  reproduction  ■*  .ms  form  t;v<»r.rd 
Prinu  J  in  firc.*i  Rrt'.nn 
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studied  by  Lucas  el  al.  (5)  who  suggest  that 
because  of  the  relatively  low  refractive  index, 
such  materials  may  find  applications  in  high- 
intensity  lasers,  owing  to  the  absence  of  self- 
focusing  due  to  nonlinear  effect.  The  local 
symmetry  of  the  lanthanide  ions  in  fluoride 
glasses  is  somewhat  controversial.  Hence,  it 
is  interesting  to  study  the  absorption  and 
emission  spectra  of  Eu’"  in  such  glasses,  and 
compare  them  with  oxide  glasses.  The  levels 
with  /  =0,  1,  and  2  (spherical  symmetry 
being  a  remarkably  good  approximation)  of 
the  two  lowest  terms  7F  and  5 D  of  the 
ground  configuration  4/*  are  particularly 
suitable  1 6-8)  for  investigating  the  influence 
of  the  nearest-neighbor  atoms  on  Eu3*. 
Pentaphosphate  crystals  (also  called 
ultraphosphates)  such  as  EuPvOu  (9,  10) 
have  the  advantage  of  high  optical  trans¬ 
parency  for  wavelengths  down  to  240  nm. 
Therefore,  the  set  of  observed  /-levels  could 
be  extended  up  to  41  000  cm'1.  These  newly 
observed  energy  levels  were  incorporated  in 
the  least-squares  fit  thus  providing  new 
radial  parameters,  better  established  free- 
ion  eigenvectors,  and  reduced  matrix  ele¬ 
ments  which  are  used  in  the  calculation  of 
spectroscopic  properties. 

II.  Materials 

The  beryllium  glass  was  kindly  provided 
by  Dr.  J.  Portier,  CNRS,  Talence 
(Bordeaux),  and  its  composition  (as  mole 
percentage)  is 

25%  BeF2,  35%  AIF3,  24%  CaF;, 

15%  BaF2,  and  1%  EuF3. 

The  zirconium  fluoride  glass  was  kindly 
provided  by  Dr.  J.  Lucas,  Universite  de 
Rennes.  Its  preparation  is  described  in  Ref. 
(5)  and  its  composition  (as  mole  percentage) 
is 

60%  ZrF4,  33%  BaF2,  5%  LaFj,  and 
2%  EuFj. 

The  crystal  of  EuP5Ou  was  grown  as 
described  in  Ref.  (9). 


The  phosphate  glasses  161  were  prepared 
by  melting  a  mixture  of  NaH^POj  H;0  with 
0.5  to  3.5  wt°o  EU2O3  in  a  platinum  crucible 
at  1000°C  producing  NaP03  glass  containing 
0.4  to  2.8  mo!e%  europium.  The  absorption 
spectra  were  measured  on  a  sample  contain¬ 
ing  2  wt%  Eu:03. 

III.  Spectroscopic  Measurements 

„  The  fluorescence  spectra  of  all  the  samples 
were  measured  on  a  50-cm  Jarrel  Ash  grat¬ 
ing  monochromator  equipped  with  a  cooled 
photomultiplier.  As  prev  iously  described  ( 9 ) 
the  absorption  spectrum  of  crystalline 
EuP30|4  was  measured  on  the  same  instru¬ 
ment,  whereas  the  absorption  spectra  of  the 
glasses  were  measured  (at  room  tempera¬ 
ture)  on  a  Cary  17  recording  spectropho¬ 
tometer. 

Narrow-line  selective  excitation  of  the 
europium  excited  levels  were  performed 
with  a  dye  laser  Moletron  DL100  using 
Rhodamine  6G  for  'D„  in  the  yellow,  and 
various  substituted  coumarines  for  'D,  and 
5 D2  in  the  green  and  the  blue.  The  rise  time 
of  the  laser  flash  is  5  •  10  9  sec. 

The  lifetimes  r  were  determined  by  feed¬ 
ing  the  luminescence  signal  (after  passing  a 
monochromator)  in  a  PAR  162/164  boxcar 
averager. 

Figures  1  and  2  give  the  observed  fluores¬ 
cence  spectra  of  the  zirconium  fluoride  and 
beryllium  fluoride  glasses.  In  the  latter  case 
the  broad  emission  centered  around  400  nm 
is  due  to  a  small  part  of  the  europium  present 
in  its  divalent  form. 

IV.  Energy  Levels  and  Eigenvectors 

Table  I  gives  the  barycenters  of  /-levels  of 
Eu3*  (in  cm  ')  derived  from  the  absorption 
spectra  of  EuPsOu  relative  to  the  (struc-  * 
tureless)  ground  state  7F°  as  zero  point.  In 
the  next  nine  /-levels,  the  individual  (2/  + 1 ) 
sublevels  have  all  been  observed  and  as¬ 
signed  symmetry  types  in  the  site  symmetry 
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Fio.  1  Steady-stale  luminescence  vpectrum  of  Eu'‘ 
in  the  zirconium  fluoride  glass  under  254-nm  ultraviolet 
excitation  by  a  mercury  lamp 


C;.  based  on  absorption  spectra  in  polarized 
light.  Thus,  the  levels  of  7F|  occur  at  267, 
403,  and  480  cm  1  and  those  of  7F2  at  940, 
960,  1075,  1101,  and  1180  cm  ',  whereas 
the  total  spreading  is  around  300  cm  '  in  7F4 
and  7F?  and  466  cm  '  in  J  Fb.  As  usual,  5£>i  is 
5"  only  split  to  a  very  small  extent,  with 
sublevels  at  19,026,  19,053,  and 

19,072  cm  '.  The  barycenters  of  the  30 
subsequent  /-levels  (from  Ds  to  Gs  have 


been  obtained  from  the  centre  of  gravity  of 
the  (very  narrow)  absorption  band.  In  the 
two  cases,  where  two  /-levels  are  indicated 
with  a  distance  smaller  than  40  cm1,  the 
calculated  distances  are  given. 

The  manifold  of  40  observed  /-level 
barycenters  was  compared  with  the  Condon- 
Shortley  parameters  (including  the  Trees 
corrections,  a,  0,  and  y  of  comparatively 
minor  importance)  with  a  least-squares 
fitting  program  like  that  previously  used  for 
the  4 f'2  system  Tm’*  (11)  and  for  4/,Nd’* 
incorporated  in  Gd2(Mo04)j  (12)  resulting 
in  the  parameters  (in  cm'1) 

F2  =  381.0,  F4  =  61.3,  F6  =  6.2, 
a  =36,  0  =  -815,  y  =  700,  (1) 

(*f  =  1327, 

with  an  rms  deviation  of  -100cm  '.  The 
corresponding  eigenvectors  of  the  /-levels 
were  also  evaluated,  and  Table  II  gives  the 
predominant  components  in  terms  of 
Russell-Saunders  coupling  with  the  last 
integer  being  a  file  number  in  the  standard 
order  of  diagonal  elements  in  Rahcah's 
theory.  The  calculation  is  done  in  full  inter¬ 
mediate  coupling. 


■T  $ 
/  s 
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Fig.  2.  Luminescence  spectrum  of  Eu’*  in  beryllium 
fluoride  glass  under  the  same  conditions  as  in  Fig.  t. 


V.  Matrix  Elements  of  Intensities 

The  qualitative  ideas  (from  1945)  of  Broer 
etal.  (13)  or  the  origin  of  the  finite  transition 
probabilities  (as  electric  dipolar  transitions) 
from  the  ground  state  to  excited  /-levels 
(observed  in  absorption  spectra)  were 
expressed  independently  by  Judd  (14)  and 
Ofelt  (15)  in  a  theory,  where  the  oscillator 
strength  P  of  a  given  transition  is  the  sum  of 
three  contributions 


8  rr}mccr  (n2  +  2)2 

3/i(2/  +  l)  ~~9n~ 


I  n,|tr"|2, 
2.«.» 

(2) 


where  er  is  the  wavenumber,  (2/  +  1)  the 
number  of  states  in  the  lower  level,  and  n  the 
refractive  index.  The  matrix  elements  U'2\ 
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TABtF  I 


Osi  rved  Energy  Lfveis  G-Level  Bvrkfstfrsi  of  Ej1'  in  EuP(Ou 


Level 

'  £  (cm  1 1 

Level 

E  1  cm  1 1 

Level 

E  <  cm  1 ! 

Level 

£  tem  1 1 

0 

'D, 

24,490 

'Hy 

31.250 

'A* 

37.425 

’£> 

383 

'U 

25.379 

'H, 

31.526 

'Pi 

38,117 

£ 2 

1,051 

'C; 

26.410 

32.793 

'A- 

38.410 

£> 

1,927 

'L, 

26.420 

'£; 

33.134 

'G; 

38.760 

’£v 

2.896 

'Gy 

26.573 

*£, 

33.452 

'A, 

38.956 

£5 

3,922 

'Gy 

26.594 

'Ey 

33.596 

('A.  ' /i * 

39.093 

’£» 

5.026 

'G* 

26.715 

'/  4 

33.852 

'G, 

39.162 

'Do 

17,289 

'Dy 

2.7.643 

'£4 

34.137 

'Gy 

39.851 

'  Di 

19,050 

' H , 

30.675 

i'l.  'Hi* 

35.014 

i'D.'Pi, 

40.004 

'D: 

21.528 

'Hi 

31.056 

'A, 

36.206 

'G, 

40.399 

U  J‘,  and  U'*"  can  be  evaluated,  for  instance,  troscopic  calculations.  They  differ  by  several 
in  Russell-Saunders  coupling  (where  they  percent  from  previously  tabulated  ones  and 
are  constrained  by  several  selection  rules;  are  available  upon  request. 

V"  can  only  be  different  from  zero  if  J  is  At  first,  it  may  seem  surprising  that  the 
changed  by  at  most  t  units  and  if  S  does  not  absorption  band  intensities  can  be  described 

change  at  alii.  Such  matrix  elements  do  not  by  a  fixed  set  of  U  "  for  a  given  V/' 

depend  on  chemical  bonding  to  the  neighbor  combined  with  only  three  parameters  0. 

atoms  and  were  tabulated  U6.  17 1  and  characterizing  the  compound  or  (solid  or 

compared  with  absorption  spectra  of  aqua  liquid  I  solution,  when  it  is  realized  that  the 

ions.  In  this  work  matrix  elements  of  U  energy  levels  (neglecting  their  separation  in 

U and  l/*'  were  evaluated  with  the  new  sublevels  by  ligand  field'  'effects!  depend  on 

eigenvectors  of  Table  U  for  more  than  50  four  to  seven  parameters,  as  in  Eq  1 1 )  A 

transitions  and  used  for  all  subsequent  spec-  general  trend  is  recognized  from  a  large 

TABLE  It 

Eigen  Vectors  of  Low  Lv  ini.  /-Li  vusof  F.u'  in  Intf  rvii  divif  Colplinc. 

_ N/  _ 

£  Km  '  1  J 

II  I)  0  9713  ’£)-()  17.16  'O,>-0.l56I  'Dm 

!7.:h9  0  -0.2247 ’£>-(>  S465 'D,*  0|7x7'D;  -0  6949'D, 

3X3  1  0.9766, >;-o  158(1 ‘D.f-O  13XX  VD,' 

19.050  I  -0.1992 ’£'-0  5674 'D,>-0  1889  'D;  -o  7268  'Do 

-I>  1 183  '£,.-()  I  V39  '£,1-0  I  769  > 

I  ,i*4 1  2  11.9x32  ’£»  o  111  3  'o,'-0  1 l"2  '  D\ 

21,527  2  -l).  1 557  £>  -0.5835  'D, '  -O  1 883  D.. -0  7488  'D,>-0  1010  '/>„> 

1,927  3  0.9888  £>-0  0973  'Di> 

24,490  3  -0.1049  7£>-i>  5912 'D,'-0  1699 'O;  *1)  7539  'D,>  0  0862  *£,  .-(3. 1 348  '£,) 

2.896  4  0.9903  7£>-0059l 'D,>-0  0738 '£o 

3.922  5  0.9888  7f>*0  0709 '£j)-0.0853  '(3,)- 0  0824 'C,' 

5.020  6  0.9839  F)-0  1 175  'G,)-0.U68  'Go 

25,379  6  -0.0652  *G,)-o  1)713 'G.o-0.0761  'G, >  00623  '«,> 

-0.1098  ' K  l  -0.9396  *0-0  1377  'A',  1-0.1286  'A'.-i-O  1637  'A',) 
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nuniK-r  of  examples  Ttins,  crystalline 
ffuot  ides,  aiul  aqua  ions  in  water,  hase  salues 
of  (h  an<J  (!„  of  comparable  magnitude, 
whereas  usually  is  not  larger  than  the 
experimental  uncertainty.  On  the  other 
hand,  more  covalent  compounds  (/)  have 
much  higher  flj,  producing  “hypersensitive 
pseudoquadrupolar  transitions"  having 
intensities  (proportional  to  the  genuine 
a,  electric  qudrupolar  transitions,  but  with  a 
huge  faetorTdependent  almost  exclusively  on 
the  square  of  U'~'.  In  Russell-Saunders 
coupling,  each  tervalent  lathanide  shows 
only  one  pronounced  hypersensitive  psue- 
doquadrupolar  transition,  from  the  ground 
state  iS.L.J I  to  the  level  (S,  L-2,  7-2). 
However,  because  of  the  effects  of  inter¬ 
mediate  coupling  mixing  different  (5,  L) 
combinations  in  the  same  eigenvector,  both 
4/"’llo’‘  and  4/"EfJ*  have  two  such  tran¬ 
sitions,  to  levels  with  J-  6  and  11/2, 
respectively.  It  is  well  recognized  that  the 
Kudd-Ofelt  theory  works  with  a  precision  of 
some  20%,  but  also  that  the  agreement  in 
certain  cases  (16.  18,  19)  is  conspicuously 
ameliorated  if  one  transition  (say  3H4  -»  'P2 
in  Pr’  )  is  eliminated. 

Whereas  Eq.  i2>  originally  was  intended 
for  absorption  spectra  only,  the  radiative 
lifetimes  of  excited  states  (related  to  the 
oscillator  strength  by  Einstein's  1917 
formulal  and  the  branching  ratios  indicating 
the  probability  of  forming  various  lower  J- 
levels  (/)  (including  the  groundstate)  can 
also  be  described  by  Eq.  (2)  to  a  reasonable 
approximation.  Thus,  the  luminescence  of 
Ho’'  (20),  Er’~  (21),  and  Tm3‘  (22)  in 
various  phosphate,  silicate,  germanate,  aid 
tellurite  glasses  can  be  treated  along  these 
lines.  It  is  not  surprising  that  the  much  larger 
number  of  data  described  by  the  same  three 
Q,  and  an  "objective"  set  of  U'"  matrix 
elements  produced  a  higher  dispersion  of  the 
agreement,  typically  within  a  factor  of  1.5  or 
2. 

The  intensity  parametrs  fir  characterizing 
each  materia!  were  derived  by  fitting  the 
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experimentally  observed  oscillator  strengths 
of  the  transitions  obtained  by  integrating  the 
absorption  bands  with  the  calculated  values 
of  C/U|J.  Their  values  (in  the  unit  10' 20  cm2) 
are 


flj 

n4 

n. 

Zirconium  fluoride  glas* 

0.93 

2.61 

2.17 

Phosphate  glass 

4.12 

4.69 

I  83 

Pentaphosphate  crystal 

3  66 

1.43 

3.07 

(3) 


The  Nd3*  in  the  zirconium  fluoride  type  B  (5) 
shows  flj  =  1.93,  n4  =  3.8,  and  =  4.35  for 
comparison.  Table  III  gives  the  calculated 
luminescent  properties  of  the  zirconium 
fluoride  glass,  oscillator  strength  P  (in  the 
unit  10'*),  the  radiative  transition  prob¬ 
ability  A  (in  the  unit  sec"1),  and  the  branch¬ 
ing  ratio  fi  =  A,/SA„  Table  IV  gives  the 
same  type  of  data  for  the  phosphate  glass 
with  n  =  1.48  (22)  and  Table  V  for  crystal¬ 
line  EuPsO«  having  n  =  1.62. 

The  nonradiative  deexcitation  from  a 
given  electronic  level  E2  to  the  next  lower 
electronic  level  E\  is  given  by 

WNB  =  B  exp{-a(E2  -E,)},  (4) 

where  B  and  a  are  phenomenological 
parameters  (22)  which  are 

a  B  (sec  'l  Km  icm  '  1 

ZrF4  0.007  4x  10  *  500 

Phosphate  0.005  5.4x10  1J  1300 

and  fiat  is  the  phonon  energy. 

The  nonradiative  relaxation  rates  thus 
obtained  for  the  deexcitation  of  the  higher 
levels  were  higher  than  1 06  sec  1  leading  to  a 
rapid  depopulation  of  all  higher  levels  to  the 
SD0  with  a  small  contribution  to  the  SD,  and 
*Di  levels. 

Table  VI  combines  the  measured  and  cal¬ 
culated  values  of  the  rdiative  lifetimes  and 
branching  ratios  from  rD0  to  levels  of  the  JF 
multiplet  in  the  zirconium  fluoride  and 


nmmirruii  a*eww we-trt’srv*. 


page  6 


-55- 


TABLF.  Ill 

SPf  <  *T ROSC  OPIC  PARAMETERS  OF  Eu*'  IN 
ZiRtoNit  m  Fluoride  Glass 


Transition 

P  A  10 

A  «src  l) 

0 

X -‘d, 

0  36 

0.004 

0 

‘Dl 

15.7 

3.58 

0.0162 

O, 

21.6 

13.4 

0.0604 

'a, 

46  8 

47  3 

0.2141 

Fa 

0.32 

2  02 

0.0091 

F. 

0.36 

2.55 

0.0115 

F, 

2.46 

19  2 

0.0868 

F, 

0.65 

5.50 

0  0249 

F, 

0.01 

0.09 

0.0004 

X, 

4.72 

45.4 

0.2057 

F, 

8  24 

81  9 

0.3707 

‘  D;  -»'D, 

31  7 

3.00 

0.0279 

D, 

1  58 

0.44 

0  004 1 

Fa 

Oil 

(i  44 

0.004 1 

F, 

1.87 

K  92 

0.0830 

F, 

1.45 

7  76 

0.0722 

F, 

10  5 

62  1 

0.5781 

F. 

3  oo 

19  4 

0.1805 

F, 

0  32 

2  22 

0.0206 

F, 

o  44 

3  16 

0  0294 

0,  -.  0, 

20.2 

0.97 

0.0089 

Fa 

0.46 

1  40 

0.0129 

F, 

118 

4  17 

0.O385 

X 

5.02 

20.2 

0  1866 

F, 

6  20 

2H.0 

0.2590 

F- 

7  70 

3M.9 

0.3592 

F, 

1  04 

10  4 

0.0964 

F. 

074 

4  16 

0.0384 

'0..--p'Fa 

0  88 

2.04 

0.0197 

F, 

0 

o 

0 

Ft 

10.9 

34  8 

0.3364 

F, 

0 

0 

0 

F. 

6.16 

25  o 

0  2419 

F, 

9  44 

41.6  ■ 

0.419 

F„ 

0 

0 

0 

phosphate  glasses  and  pentaphosphate  crys¬ 
tal.  For  the  beryllium  fluoride  only  the 
observed  values  are  given. 

Calculations  of  the  results  given  in  Table 
VI  could  not  be  performed  for  the  beryllium 
fluoride  glass,  because  the  three  fl,  from  Eq. 
(3l  evaluated  from  the  absorption  spectrum 
had  a  large  uncertainty.  It  may  be  due  to  the 
fact  'found  by  diffuse  light  scattering)  that 


TABLE  IV 

Speltroslopu'  Parameters  of  Eu1-  in 
Phosphate  Glass 


Transition 

P(  «  10  *1 

A  isec  'l 

0 

'0;  -»'D, 

33  5 

3  oi 

0  0150 

'Du 

6.8 

1  79 

0  0089 

Fa 

009 

o  35 

0  0018 

’FS 

3  25 

14.7 

0  0732 

F. 

4.88 

24  8 

0  1233 

X, 

16.7 

93  6 

0  4655 

X; 

7  54 

46  2 

0  2299 

'F, 

0  57 

3  73 

0  0185 

’F„ 

1  90 

12  9 

0  0641 

'0,  -'D„ 

19  7 

0  89 

0  004J 

'Fa 

0  38 

1  08 

0.0052 

X, 

2.03 

6  79 

o  0327 

X* 

8.76 

33  4 

0  1607 

X 

17  4 

74  8 

0.3597 

’f. 

9  42 

44  6 

0  2145  ’ 

X 

8.35 

42  5 

0  2045 

'f„ 

072 

.7  84 

0  0185 

'0,,-p’Fa 

0.72 

1  58 

0  0079 

’Fa 

0 

0 

0 

X 

19.0 

57  6 

0  2884 

X 

0 

0 

0 

X. 

26.5 

102  0 

0.51 1.3 

X 

9.19 

38  4 

0  1924 

X, 

0 

0 

0 

this  glass  was  on  the  limit  of  heterogeneous 
precipitation,  forming  a  virro-ceramic  ( / ). 
Nevertheless,  we  have  included  this  material 
in  the  present  paper,  because  we  find  the 
observed  branching  ratios  and  a  few  other 
experimental  quantities  interesting. 

Two  transitions  play  an  unusual  role  in 
the  specific  case  of  Eu’*.  One  is  the  pseu- 
doquadrupolar  hypersensitive  emission 
iDi,  -*  7F2  taking  over  a  large  proportion  of 
the  total  luminescence  intensity  if  fl2  is  large. 
The  other  is  (the  usually  very  weak) 
-*  7F„  which  is  forbidden  in  all  approx¬ 
imations  in  spherical  symmetry.  It  is 
frequently  argued  that  it  occurs  nevertheless 
because  of  mixing  of  sublevels  belonging  to 
different  /-levels  by  nondiagonal  elements  of 
"ligand  field"  perturbations,  but  it  is  at  the 
same  time  an  experimental  fact  that  "chem- 
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TABLE  V 

Spectroscopic  Parameters  of  Eu*'  in 
Crystalline  Pentaphosphate 


Transition 

Pi  x  10  *) 

A  (sec1) 

0 

X  -» 'Dj 

0.56 

-0 

0 

' o , 

23.5 

6.10 

0.0160 

X 

33.0 

23.2 

0.0607 

'd„ 

71  6 

82  1 

0  '.148 

X* 

0.49 

3.58 

0.0094 

X 

U  54 

4.37 

0.0114 

X4 

3  62 

321 

0.0839 

X 

0  99 

9.54 

0.0250 

X 

0.01 

0.13 

0.0004 

X 

7.2 1 

78  9 

0.2065 

X, 

126 

142.0 

0.3720 

‘D,  -*‘D; 

47  8 

6.58 

0.0407 

‘o, 

0  91 

4.70 

0.0291 

‘D„ 

0 

0 

0 

X, 

0  02 

0.15 

0.0009 

E, 

1  08 

7.99 

0.0495 

>4 

10  6 

86  ■> 

0  5369 

Ei 

2  29 

20  4 

0.1263 

E. 

1  83 

17.6 

0.1093 

F 

1  70 

17.3 

0.1074 

X, 

0 

0 

0 

ically  polarizable"  materials  (  /  )  have  a  spe¬ 
cial  propensity  for  showing  both  these  tran¬ 
sitions. 

It  is  seen  from  Table  VI  that  the  branching 
ratio  0  for  '£>„  -»  X;  agrees  with  experi¬ 
ment  for  the  phosphate  glass,  but  is  under¬ 


TABL.E  V—Connnutd 


XjXD, 

36.4 

3.9t 

0.0213 

5  Do 

6.73 

2.12 

0.0115 

xt 

0.16 

0.76 

0.0042 

X, 

111 

6.04 

0.0329 

x4 

4.23 

25.7 

0.1402 

x, 

13  1 

87  9 

0.4785 

X2 

5.08 

37.3 

0.2032 

X, 

0.59 

461 

0.0251 

Xo 

1.88 

15.2 

0.0830 

X  -.’Do 

21.6 

1  17 

0.0058 

x» 

0.70 

2.43 

0.0121 

X, 

0.73 

2.93 

0.0146 

X 

2.97 

13.6 

0.0678 

x, 

13  2 

67.6 

0.3377 

X 

10  1 

57.1 

0.2851 

x, 

8.25 

50.4 

0.2516 

Xo 

0.79 

5.04 

0.0252 

’Do-X. 

1  34 

3.54 

0.0179 

x. 

0 

0 

0 

x. 

6.45 

234 

0  1181 

x, 

0 

0 

0 

x, 

26.2 

121  0 

06099 

X, 

10.1 

50.4 

0.2541 

Xo 

0 

0 

0 

estimated  for  the  zirconium  fluoride  glass, 
and  overestimated  for  crystalline  EuPsOu- 
With  the  exception  of  the  latter  case,  the 
calculated  and  observed  values  of  /3  usually 
agree  within  a  factor  of  1.5.  This  may  not  be 
as  surprising  as  one  would  expect  at  first  for 


TABLE  VI 

Obsfrved  and  Caicllatf.d  Lifetimes  imseci  of  Excited  Levels  of  Eu’*  and  Branching 

Ratios  8 


Zirconium  Beryllium  Phosphate  Pentaphosphate 


fluoride  glass 

fluoride  glass 

glass 

crystal 

obs 

calc 

obs 

calc 

obs 

calc 

obs 

calc 

’ D2 

0.50 

- 

_ 

_ 

_ 

_ 

_ 

_ 

X, 

1.0 

— 

0.17 

— 

— 

— 

0.006 

— 

’Do 

5.0 

9.7 

8.78 

— 

2.95 

5.00 

4.8 

505 

HX-X. 

0.196 

0  336 

0.132 

— 

0.194 

0.288 

0.335 

0.118 

X, 

0.010 

0 

0.015 

— 

0.041 

0 

0.029 

0 

X 

0,464 

0.242 

0.406 

— - 

0.568 

0.511 

0.254 

0.610 

X, 

0  290 

0.419 

0.422 

— 

0.189 

0.192 

0.374 

0.254 

x„ 

0.0017 

0 

0.005 

— 

0.007 

0 

0.007 

0 
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the  vitreous  systems  with  a  dispersion  of  local 
site  symmetries,  as  clearly  shown  by  the 
band  of  Nd'’  in  zirconium 
fluoride  glass  (5)  having  a  half-width  of 
93  cm-1  at  liquid  helium  temperature, 
compared  with  1  or  2  cm  1  for  crystalline 
\dF,  and  NdZrF--.  This  inhomogeneous  line 
broadening  is  typical  for  glasses  1 1,23)  but 
does  not,  by  itself,  demonstrate  that  a  dis¬ 
tinction  between  network-forming  and- 
modifying  cations  is  well-defined  in  fluoride 
glasses.  Both  in  fluoride  and  in  oxide  glasses, 
the  individual  site  may  deviate  more,  on  the 
average,  from  spherical  symmetry  than 
would  be  true  for  the  crystalline  pentaphos- 
phate;  but  at  the  same  time,  the 
consequences  of  deviations  from  spherical 
symmetry  may  cancel  out  to  a  large  extent  in 
the  multiple  sites  in  glasses. 
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MULTIPHONON  RELAXATION  IN  GLASSES 
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Jerusalem,  Israel. 


ABSTRACT  ^ 

Experimental  data  of  multiphonon  relaxation  between  elects 
ronic  levels  of  rare  earth  ions  in  glasses  are  presented.  These 
are  based  on  measurements  of  the  decay  times  or  quantum  efficien¬ 
cies  of  the  specific  levels  and  subtracting  the  radiative  tran¬ 
sition  probabilities  in  oxide,  chalcogenide  and  fluoride  glasses. 

It  isshown  that  the  nonradiative  transfer  in  all  glasses  depends 
mainly  on  the  energy  gap  between  the  emitting  and  next  lower  level 
of  the  ion  incorporated  in  the  glass  and  that  the  high  energy 
phonons  of  the  network  formers  are  responsible  for  the  relaxation 
permitting  the  lowest  order  process.  The  phenomenological  para¬ 
meters  a,  B  and  c  appearing  in  the  formulae  of  multi  phonon  trans¬ 
fer  are  computed  and  compared  to  these  values  in  crystals.  It  is 
also  shown  that  the  Huang-Rhys  number  S  being  a  measure  of  the 
electron-phonon  coupling  strengths  is  smaller  than  0.1  for  the 
oxide  glasses  as  predicted  by  the  theory  of  multiphonon  relaxation. 
However  it  achieves  a  large  value  of  about  2  in  the  chalcogenide 
glasses.  The  discrepancy  in  this  high  value  is  explained  by  the 
covalency  of  the  rare  earths  incorporated  in  the  chalcogenide 
glasses  with  the  surrounding  sulfur  ions,  thus  the  rare  earth  ions 
cannot  be  treated  as  isolated  centers  in  these  glasses.  Experi¬ 
mental  findings  of  phonon-assisted  energy  transfer  between  uranyl 
and  rare  earth  ions  in  phosphate  glasses  are  presented.  It  Is 
shown  that  an  experimental  dependance  between  multi  phonon  relax¬ 
ation  rates  and  the  energy  gap  is  obtained  similar  to  the  multi¬ 
phonon  relaxation  in  a  single  ion.  The  coupling  constant  is 
higher  in  the  case  of  the  energy  transfer  due  to  the  stronger 
coupling  of  uranyl  to  the  glass. 
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The  theory  of  multiphonon  relaxation  of  ions  in  crystals, 
organic  molecules  and  in  semiconductors  has  attracted  the  interest 
of  many  researchers  during  the  last  two  decades.  A  number  of 
reviews  have  been  written  recently  (1*6)  dealing  with  these  im¬ 
portant  phenomena.  A  unified  treatment  of  multiphonon  relaxation 
in  both  organic  and  inorganic  systems  as  well  as  a  critical  review 
of  the  existing  theories  can  be  found  in  an  excellent  book  by 
Englman  (7).  Excited  electronic  levels  of  rare  earths  (RE)  in 
solids  decay  nonradiatively  by  exciting  lattice  vibrations  (phonons). 
When  the  energy  gap  between  the  excited  Level  and  the  next  electron¬ 
ic  level  is  larger  than  the  phonon  energy  several  lattice  phonons 
are  emitted  in  order  to  bridge  the  energy  gap.  It  was  recognized 
that  the  most  energetical  vibrations  are  responsible  for  the  non- 
radiative  decay  since  such  a  process  can  conserve  energy  in  the 
lowest  order.  In  glasses  the  most  energetical  vibrations  are  the 
stretching  vibrations  of  the  glass  network  polyhedron  and  it  was 
shown  that  these  distinct  vibrations  are  active  in  the  multiphonon 
process  (8)  rather  than  the  less  energetical  vibrations  of  the  bond 
between  the  RE  and  its  surrounding  ligands.  Later  (9)  it  was  de¬ 
monstrated  that  these  less  energetical  vibrations  may  participate 
in  cases  when  the  energy  gap  is  not  bridged  totally  by  the  high 
energy  vibrations.  The  experimental  results  reveal  that  the  log¬ 
arithm  of  the  multiphonon  decay  rate  decreases  linearly  with  the 
energy  gap,  or  the  number  of  phonons  bridging  the  gap.  The  theory 
of  nonradiative  deacy  by  multiphonon  mechanism  was  first  proposed 
by  Kubo  and  Toyozawa  (10)  who  proposed  that  the  basic  mechanism 
allowing  such  transitions  is  the  correction  in  the  Born-Oppenheimer 
(BO)  approximation  due  to  vibrational  motion  of  ions  which  admixes 
the  electronic  wave  function  and  causes  transitions  that  represent 
stationary  states  in  the  zero  order  BO  approximation.  For  multi - 
phonon  processes  one  has  to  proceed  to  higher  order  being  AE/hw  to 
get  real  transitions  between  the  electronic  states  (7).  It  should 
be  noted  that  in  contrast  to  the  smallness  of  the  radiative  process¬ 
es  of  high  order  the  nonradiative  high  order  processes  are  quite 
high. 


From  the  point  of  view  of  theoretical  treatment  it  is  extremely 
difficult  to  calculate  accurately  the  perturbation  of  a  high  order. 
However  a  considerable  part  of  AHvibr  can  be  eliminated  as  a  perturb¬ 
ation  by  including  it  exactly  in  the  wave  function  by  a  "renormaliz¬ 
ation".  The  part  of  AHvibr  which  still  remains  after  renormalization 
is  the  nonadiabacity  of  BO  correction  operator.  At  the  end  of  the 
calculation  an  approximation  Is  made  of  the  interaction  with  only 
one  phonon  mode  (1,5,11-13).  For  small  coupling  and  low  temperature 
a  Poisson-like  function  Is  obtained  (12)  for  the  distribution  of  the 
multiphonon  relaxation  rate  with  the  number  of  phonons 

Wp  -v  (exp  -  S)(SP/PJ) 


(D 
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where  S  is  the  Huang-Rhys-Pekar  number(7) 

S(T=0)  =  ?  A 2  (2) 

[S  is  the  measure  of  electron  phonon  coupling  strength] 

The  displacement  a  measures  the  horizontal  shift  of  the  elect¬ 
ronic  Jt^te  potentials  in  units  of  the  zero  point  amplitude 
(ft/Mu)  /  where  M  is  the  mass  of  the  vibrator.  In  the  case  of 
isolated  RE  S«Q.l  S  can  be  incorporated  in  the  exponential  formula 


of  Dexter 

W  =  eexpOxxAE)  with  (3) 

a  =  (hw)^[ln(p/S)  -  1]  for  low  temperature  and  (4) 

a  -  (M^IlnCp/SHn+l)  -  1]  for  T>0  (5) 

n  being  the  phonon  occupancy  number 

n  *  (exp(-fWkT  -  1 } 1  as  explained  in  ref. 6  16) 


Application  of  the  multiphonon  theory  to  glasses  requires  the 
knowledge  of  the  structural  units  forming  the  glass.  Similarly  to 
the  electronic  spectra  in  glasses  the  vibrational  frequencies  show 
inhomogeneous  broadening  due  to  the  variation  of  sites.  Table  I 
shows  the  average  frequencies  of  the  network  formers.  The  vibrat¬ 
ions  involving  the  network  formers  are  lower  by  a  factor  of  2  to  4. 
The  lack  of  symmetry  in  a  glass  and  the  molecular  character  of  the 
high  energy  vibration  were  taken  into  account  by  Layne  et  al  (14) 
in  developing  the  theory  of  multiphonon  relaxation  in  glass  by 
using  higher  order  terms  in  the  perturbation  theory.  The  dependence 
of  a  multiphonon  rate  on  the  enrgy  gap  to  be  bridged  results  then 
from  the  ratio  of  p-phonon  process  to  that  for  a  p-1  phonon  decay. 
Assuming  the  average  matrix  elements  to  be  the  same  for  p  and  p-1 
order  processes,  the  ratio  of  Wp  to  Wp^  is 

VWp-l  *  (n/2MuKn+l)4m2|<alV'  jb>i2/fw>2  (7) 

Since  the  perturbation  is  weak 

VVi  ■  * «  '  "  <a> 

This  result  leads  to  the  following  exponential  dependence  of  the 
rate  on  energy  gap:. 

Wp  -  W0cp  ■  W  exp[ln(c)/Rw]AE  (9) 

Considering  the  dependence  of  Wp  on  the  phonon  occupation  number 
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from  Eq.6  the  rate  for  a  p-order  multiphonon  decay  is  at  temperature 
T>0 


Wp  =  Wo<n(T)+l  }pexp(-at.E)  where  (10) 

a  =  -ln(e)/hu)  (11) 

and  WQ  =6  of  Eq.3  are  dependent  on  the  host  but  independent  of  the 
specif ic  electronic  level  of  RE  from  which  the  decay  occurs. 

By  comparing  E^.4  with  EqJl  one  obtains  the  connection 

In  S/p  =  In  e-1  (12) 


ANALYSIS  OF  THE  EXPERIMENTAL  RESULTS 

The  multiphonon  relaxation  rates  of  RE  in  oxide  glasses  were 
studied  by  us  (3)  and  by  Weber  and  his  group(14).  The  results  show 
an  exponential  behavior  of  W  on  energy  gap.  The  low  temperature 
results  may  be  presented  by  a  linear  dependence  of  InW  versus  aE 
or  InW  versus  p  as  predicted  by  Eqs.10  and  11. 

The  spectral  behavior  of  RE  in  chalcogenide  glasses  of  the  comp 
osition  3Ga2S2.La2Sn(GLS)  and  3Al2S2«La2S2(ALS)  were  studied  by  A. 
Bornstein  and  the  author  (15*18).  The+muTti phonon  relaxation  rates 
for  a  number  of  levels  of  HoJ  and  ErJ  were  obtained  from  lifetime 
measurements  subtracting  the  radiative  transition  probabilities 
using  the  formula 

l/x  oae  =  W  +  zA  Cl 3) 

'  meas 

where  the  radiative  transition  probabilities  A  were  calculated  by 
the  Judd-Ofelt  formula. 

In  cases  where  energy  differences  were  higher  than  2500cm~ ^ 
and  nonradiative  probabilities  small  the  values  were  obtained  from 
measurements  of  quantum  efficiencies  using  formula 

quantum  yield  -  rA  (14) 

zA  V  W 

Specifically  the  latter  formula  was  applied  to  the  nonradiative 
decays  for  the  levels  and  ^F9/2  oF  Er3+.  The  low  temperature 
values  of  multiphonon  relaxations  in  the  chalcogenide  glasses  versus 
energy  gap  are  presented  in  Fig.l.  Nonradiative  rates  for  some 
levels  of  Nd3+  and  Er3+  in  fluoride  glasses  of  the  composition 
49BeF2.27KF. 14Cap2.10A1F3  at  room  temperature  were  studied  by  Layne 
and  Weber  (20)  by*measurement  of  the  transient  fluorescence  followed 
by  pulsed  laser  excitation  of  selected  levels.  Their  results  can 
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al so  be  presented  by  an  exponential  behavior. 

The  mu  1 1 i phonon  decay  rate  for  a  given  level  to  the  next  lower 
level  decreases  with  the  lowering  of  the  energy  of  the  stretching 
frequencies  of  the  glass  former  since  a  large  number  of  phonons  is 
needed  in  fluoride  glasses  and  more  so  in  chalcogenide  glasses  in 
order  to  reach  the  same  energy  gap.  Dependence  of  the  multi  phonon 
transition  rate  on  the  number  of  phonons  from  the  emitting  to  the 
next  lower  level  for  a  number  of  glasses  and  crystal  hosts  are 
presented  in  Fig. 2. 

The  parameters  a  and  p  of  Eq.8  and  t  of  Eq.ll  are  presented  in 
Table  I  together  with  the  phonon  frequences.  The  Huang-Rhys-Pekan 
(HRR)  number  S  was  calculated  using  Eq.12  for  4  and  b  phonons. 

Its  values  are  presented  in  Table  II.  Our  calculation  differs 
slightly  from  that  of  Fonger  and  Struck  (13)  who  used  a  different 
f ormu la. 

It  should  be  noted  that  the  measurement  of  lifetime  and  quantum 
efficiency  from  which  the  decay  rates  are  calculated  are  reflecting 
an  average  of  sites  and  Stark  splittings  of  the  specific  levels  thus 
the  parameters  presented  in  the  Table  reveal  a  gross  behavior  of 
variation  of  the  level  energies.  When  the  glasses  are  selectively 
excited  by  line-narrowing  techniques  differencies  in  multiphonon 
rates  are  observed  (21)  but  even  those  cannot  be  attributed  to 
specific  sites  having  accidentally  similar  energies  (22).  Also 
when  excited  by  line  source  various  rare  earth  ions  with  the  ex¬ 
ception  of  Eu3+  having  0-»G  transitions  transfer  energy  between  them 
by  multiphonon  processes  and  both  the  lifetime  and  steady  state 
fluorescence  observed  reflect  the  emission  from  a  number  of  sites. 
Thus  the  numbers  presented  in  the  Table  while  not  specific  to  a 
given  site  are  still  characteristic  for  a  specific  host.  Low  coupl¬ 
ing  constants  in  the  oxide  glasses  are  in  accordance  with  the 
theory  assuming  weak  coupling  between  the  RE  ion  and  its  surround¬ 
ings.  A  similar  behavior  is  observed  in  the  fluoride  glasses.  The 
chalcogenide  glasses  exhibit  a  much  higher  coupling  constant  while 
still  showing  exponential  behavior  between  lnWQ  and  the  number  of 
phonons.  A  plot  of  Eq.l  versus  the  number  of  phonons  shows  that  an 
exponential  behavior  is  observed  only  for  S_‘0.1.  Higher  values  of 
S  show  deviation  from  exponential ity.  From  this  it  can  be  concluded 
that  the  multiphonon  relaxation  theory  as  finally  reflected  by  Eq.l 
is  a  good  approximation  for  glasses  in  which  mainly  an  ionic  bond 
is  formed  between  the  RE  ion  and  its  surrounding  ligands.  In  the 
chalcogenide  glass  the  bond  between  the  RE  ion  and  the  surrounding 
S  ions  is  of  a  covalent  type  as  reflected  by  the  nephelauxetic  eff- 
ect(15,23).  The  covalency  in  the  chalcogenide  glasses  is  further 
reflected  in  the  hypersensitive  transitions  in  this  glass  (24). 

Dr. W.H. Fonger  has  kindly  sent  us  his  computation  of  the  orders  ' 
of  change  of  the  function  appearing  in  Eq.l  between  4  and  9  phonons 
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TaDle  !.  Parameters  of  r.cr.radiative  relaxations 


The  host 

1 - - - 

sec 

-1 

»  cm  sec 

- - \ 

~  -1 

TTj  cm 

£ 

GLS,  ALSX 

1x10* 

n  i 

2.9x1  O'3 

1 

350 

0.36 

Tel luri te^ 

6. 3x1 Q1 0 

4.7x10'° 

700 

0.037 

Germanate 

3.4x1 01 0 

4. 9x1 0-3 

900 

0.013 

Phosphate 

5.4x1 01 2 

4. 7x10* J 

1200 

0.0037 

Borate 

2 .  9x  1 0 1 2 

3.8x1  O'3 

140. 

0.0049 

BeF2xx 

9x10“ 

6.3x10'° 

500 

0.042 

LaCl  3 

1.5xlOi0 

13.0x10'° 

260 

0.037 

LaBr3 

1 . 2x1 01 0 

19.0x10'°  ! 

175 

0.037 

LaF  3 

6.6x10° 

'  5.6x10"° 

350 

0.14 

Y20a 

2.7x1 08 

3.8x10'° 

550 

0.12 

SrF2 

3.1x10° 

4.0x10'° 

360 

0.20 

Y3AI 30 1 2 

9. 7x1 07 

3.1x10'° 

700 

0.045 

YAIO3 

5x1 09 

4.6x10*° 

600 

0.063 

LiYF4 

3.5x1 07 

3.8x10*° 

400 

0.22 

BaY2F8 

4.5xl07 

4.1x10'° 

x  Ref.  18  #R.  Reisfeld,  L.  Boehm  and  N.  Spector.  The  Rare  Earths 

in  Modern  Science  and  Technology,  p . 51 3  ed.  6.J.  McCarthy  and 
J.J.  Rhyne,  Plenum  Press  1978,  XXC.B.  Layne  and  M.J.  Weber, 
Phys.  Rev.  B  16,  3259  1977.  Ref  2.  p.89. 


Table  II.  Values  of  S  for  4  and  5  phonons. 


Host 

GLS 

Tell 

Ger 

Phos 

Borate 

BeF2 

LaCl  3 

1 

nm 

0.013 

0.0037 

0.0049 

0.042 

0.037 

m 

0.019 

0.005 

0.007 

0.06 

0.054 

B£bi 

0.66 

0.067 

0.024 

0.007 

0.009 

0.08 

0.067 

4p  and  5p  refer  to  4  and  5  phonons  respectively 
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as  a  function  of  values  of  S.  From  this  calculation  it  is  evident 
that  the  change  in  the  oxide  and  fluoride  glasses  being  of  10  orders 
of  magnitude  can  be  expressed  as  values  smaller  than  0.1.  On  the 
other  hand  the  changes  in  the  chalcogenide  glasses  ar,  '•f  2  orders 
of  magnitude  corresponding  to  the  high  number  of  b=2.  As  mentioned 
above  the  high  number  in  the  chalcogenide  glass  maybe  due  to  the 
covalency  and  inability  to  look  on  the  RE  incorporated  in  the  chalc¬ 
ogenide  glasses  as  a  point  charge. 

Energy  transfer  from  the  U0p+  ion  to  various  RE  ions  which  are 
not  in  resonance  with  the  electronic  emitting  state  of  the  U0£+  ion 
(25)  are  presented  as  a  function  of  energy  gap  between  the  uranyl 
level  and  the  levels  of  the  RE  ions  in  which  energy  transfer  is 
taking  place.  Here  again  an  exponential  behavior  is  observed  accord¬ 
ing  with  the  Dexter-Miyakawa  theory  (26)  which  predicts  that  the 
phonon-assisted  energy  transfer  maybe  described  by  formula 

WpAT(aE)  =  WpAT(Q)e‘*AE  *  (15) 

where  aE  is  the  energy  gap  between  the  levels  of  donor  and  acceptor 
ions  and  $  is  a  parameter  determined  by  the  strength  of  electron- 
lattice  coupling  as  well  as  by  the  nature  of  the  phonon  involved. 

In  reference  (13)  it  is  proposed  that  energy  transfer  probabil¬ 
ities  should  have  the  same  functional  dependence  as  Eq.l  where  the 
HRP  function  is  the  sum  of  the  donor  and  acceptor  S  values.  Phonon- 
assisted  energy  transfer  between  trivalent  RE  ions  in  yttrium  oxide 
was  studied  by  Yamada,  Shionoya  and  Kushida  (27).  An  exponential 
behavior  of  energy  transfer  rate  on  energy  gap  resulted  in  p=2.5  „ 

xlQ-3.  e  values  obtained  from  Fig. 3  for  energy  transfer  between  UO^ 
ion  to  RE  ion  in  phosphate  glass  equal  2.3*1  O'1*.  The  coupling  con¬ 
stant  obtained  from  these  values  using  Eq.ll  are  e=0.3  for  yttrium 
oxide  and  t=0.76  in  phosphate  glass.  Since  t  in  this  case  reveals 
the  sum  of  the  coupling  constant  of  the  donor  and  acceptor  ions  (28) 
it  is  not  surprizing  that  when  the  acceptor  ion  is  uranyl  which  is 
much  stronger  coupled  to  the  host,  the  coupling  constant  is  higher. 

In  conclusion  multiphonon  processes  in  glasses  can  be  expressed 
by  an  exponential  behavior  with  the  host  dependent  parameters  a  and 
6.  The  coupling  constants  e  and  S  obtained  from  a  reveal  a  weak 
interaction  in  the  oxide  and  fluoride  glasses  and  much  stronger 
interaction  in  the  chalcogenide  glasses  being  a  result  of  the  co¬ 
valency  between  the  RE's  in  the  chalcogenide  host. 
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Fig.l.  Nonradiative  relaxation 
rates  for  chalcogenide  glasses. 


Fig. 2.  Nonradiative  relaxation 
Wq  versus  number  of  phonons  p 


Fig. 3.  Energy  transfer  probability 
from  UOfi+to  the  rare  earths. 
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